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This article describes the preparation of multi-walled carbon nanotube—chalcogenide glass composite

by direct synthesis and the melt-quenching method. The carbon nanotubes—chalcogenide glass

composite was characterized by high-resolution transmission electron microscopy (HRTEM),

TEM/energy-dispersive X-ray spectroscopy, low energy electron excited X-ray spectroscopy, Raman

spectroscopy, spectroscopic ellipsometry, microhardness, and impedance spectroscopy. CNTs–AgAsS2

glass composite possess highly increased ionic conductivity, from s25 1C=4.3870.0438�10�6 to

s25 1C=6.5770.0657�10�6 S cm�1 and decreased refractive index from n=2.652 to 2.631 at the

wavelength l=1.55mm.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Chalcogenide glasses have been widely studied due to their
interesting and unique electrical and optical properties [1–4]. If
undoped, chalcogenide glasses belong to a large family of vitreous
semiconductors usually having p-type conductivity [5]. Chalco-
genide glasses doped with metals (such as Ag, Cu, Li) [6–8] or
their compounds (i.e., AgI, CuS, Li2S) behave like ionic conductors
or even fast ionic conductors (FIC) [9,10] having s410�7 S cm�1.
The study of the ion conductivity of such glasses is extremely
important since these glasses are widely used in many existing
applications, in particular as parts of solid state batteries [11] and
highly selective and sensitive electrochemical electrodes (i.e., Ag+,
S2� , Se2� , etc.) [12,13]. Chalcogenide ionic glass conductors
usually consist of: (i) a network former (sulfides or selenides, e.g.,
As2S3, GeS2, Ga2S2, GeSe2), which are covalent compounds that
generally form glass easily, (ii) a network modifier (e.g., Ag2S, Li2S,
Cu2S), which are usually compounds with significant ionic
features that do not form glass by themselves but can easily
react with a glass former and become incorporated in its network,
and (iii) a doping element or salt (e.g., Ag, AgI, LiI), which can be
introduced into a vitreous network only if the network already
contains a former and a modifier [1].
ll rights reserved.

mera).
Carbon nanotube (CNT)-doped materials have an enormous
potential in a wide variety of applications [14]. CNTs can
dramatically alter the mechanical, optical, thermal, electrical,
and electrochemical properties of composite materials at surpris-
ingly low levels of doping [14–16]. This has an enormous impact
on a wide variety of potential applications, such as reinforced
materials, energy storage devices, sensors, and actuators, just to
name a few [14–16]. CNTs are incorporated in polymer matrixes
[15] or inorganic matrixes, such as silicates or metals [17,18].
Surprisingly, there has been no report on the CNTs–AgAsS2 glass
composite. Including of CNTs in to ion-conductive chalcogenide
glasses is expected to change their physicochemical properties
due to the incorporation into the glass network by the introduc-
tion of: (i) a lighter element (lower atomic weight of carbon vs.
Ag, As, and S) leading to a change in the optical properties and a
consequent decrease in the refractive index; (ii) highly oriented
and covalently bonded structures of CNTs resulting in increased
hardness, which is expected to improve the mechanical properties
of AgAsS2 glass; (iii) crystalline, highly conducting structures,
which are expected to increase electron conductivity; and (iv)
one-dimensional structures such as CNTs, which are expected to
increase ion conductivity.

In this article, we show that CNTs–AgAsS2 glass composite
showed a significant increase in its ion conductivity and a
simultaneous decrease of the activation energy of the Ag+ ion
conductivity.

www.elsevier.com/locate/jssc
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2. Experimental section

Materials: Multiwall carbon nanotubes (MWCNTs; length,
7–20mm; o.d., 90 nm; i.d., 3 nm; MWCNT content 490%; metal
catalyst (Fe) content, 3 ppm) [19], Ag, As, and S (purity of 99.999%)
were from Sigma-Aldrich.

Synthesis: The primary AgAsS2 glass was synthesized in an
evacuated (10�3 Pa) and sealed silica ampoule from the elements
of 5 N purity. The ampoule was kept in a rocking furnace at 950 1C
for 12 h to ensure good homogenization. After the ampoule was
removed from the furnace, it was air-cooled to solidify the
contents. Some of this glass was further used for synthesizing the
CNTs–AgAsS2 glass composite and the rest served as a standard
material to compare the physical properties of pure AgAsS2 with
the CNTs–AgAsS2 glass composite. The CNTs–AgAsS2 glass
composite was synthesized as follows. Pure AgAsS2 was crushed
Fig. 1. Electron diffraction patterns of (a) pure AgAsS2 glass and (b) CNTs–Ag

Fig. 2. TEM/EDX analysis of CNTs–AgAsS2 glass composite sh
in a mortar producing a fine powder, which was then mixed with
an appropriate amount of MWCNTs (0.5 at%) and introduced into
the silica ampoule, which was subsequently evacuated and
sealed. The synthesis lasted for 16 h at 600 1C. After synthesis,
the CNTs–AgAsS2 glass composite was cooled in air and annealed
at 130 1C for 3 h.

Apparatus: A Hitachi H-1500 high-resolution transmission
electron microscope operating at 800 kV was used to obtain BF
(bright field) and HRTEM images as well as electron diffraction
patterns. A JEOL 2010F transmission electron microscope operat-
ing in STEM mode, 200 kV, was employed to obtain EDX data as
well as TEM images. A low energy electron excited soft X-ray
spectroscope (LEEXS) was used to detect carbon originating
from the MWCNTs (multi-walled carbon nanotubes) in the
CNTs–AgAsS2 glass composite. The apparatus contained a low
energy electron gun to excite the soft X-ray on the specimen
AsS2 glass composite. (c, d) HRTEM images of MWCNTs in AgAsS2 glass.

owing elemental mapping of elements Ag, As, S, and C.
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surface ranging from 100 eV to 3 keV and simultaneously to
perform low energy electron diffraction (LEED) [20]. Raman
spectra were recorded at room temperature with a Fourier
Fig. 3. LEEX analysis of CNTs–AgAsS2 glass composite in

Fig. 4. Raman spectra of pure and
transform (FT) Raman spectrometer (Bruker model IFS/FRA 106)
using a backscattering method with a Nd:YAG laser (l=1064 nm)
as an excitation source having an output power of 50 mW. The
comparison with pure AgAsS2 glass and Si standard.

CNTs–AgAsS2 glass composite.
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resolution of the Raman spectrometer was 1 cm�1, 100 scans
recorded. Variable angle spectroscopic ellipsometry (VASE) from
J.A. Woollam Co. (WVASE v3.668 software) was used to investi-
gate the optical functions of pure and CNTs–AgAsS2 glass
composite. The ellipsometry parameters, C, D, were recorded in
the range of 300–2300 nm at angles 60–701 with steps of 51. The
accuracy in determination of the refractive index was 0.001. All
impedance spectroscopy experiments and potentiostatic mea-
surements were carried out by means of an Autolab PGStat 12
electrochemical analyzer equipped with an FRA2 module. A Julabo
MC-4 heating circulator was used to control the temperature. The
temperature interval of the electrical measurements was 25–
100 1C and the frequency range was 1 MHz–0.1 Hz. The potentio-
static measurements were made at 25 1C under a voltage of 0.1 V
in the time interval of 0–250 000 s. The sdcp/sdc ratio expresses
the residual vs. total conductivity ratio and it determines whether
Fig. 6. Impedance spectra of (a) pure an

Fig. 5. Spectral dependence of index of refraction.
the conductivity is predominantly ionic or electronic (hole).
Vickers microhardness was measured using a conventional
Vickers diamond pyramid with an apex angle of 1361. We used
the weight with a force of F=0.78453 N for 10 s and measured the
length of the diagonals of the created indentations (n=3).
3. Results and discussion

Chalcogenide AgAsS2 bulk glass was prepared by the conven-
tional melt-quenching technique from pure elements. Transmis-
sion electron microscopy was used to examine the structure of the
CNTs–AgAsS2 glass composite. Fig. 1 shows electron diffraction
and corresponding images of (a) pure AgAsS2 and (b) CNTs–
AgAsS2 glass composite. The electron diffraction of pure AgAsS2 is
characteristic for amorphous materials. However, the electron
diffraction from the CNT containing region of the CNTs–AgAsS2

glass composite shows a diffraction spots typical for CNT
materials. The Figs. 1c and d show that the incorporated CNTs
are bent, probably due to strains arisen from the synthesis,
quenching and solidification of the glass. In these figures, we also
observed that the diameter of the multi-wall CNTs is diminished.
This was caused by partial destruction of the outer shells of these
MWCNTs. The detailed investigation of these changes in the
structure of MWCNTs will be a topic of our next studies. Further
insight into the structure of the CNTs–AgAsS2 glass composite was
obtained by scanning TEM/EDX analysis (Fig. 2). Elemental
distribution profiles of silver, arsenic, and sulfur matched and
showed maxima at both sides of the carbon nanotubes. The
presence of CNTs in the CNTs–AgAsS2 glass composite was also
evident from our LEEX measurement [20] (Fig. 3), where a
relatively greater concentration of carbon most probably coming
from MWCNT in CNTs–AgAsS2 glass composite is shown in
comparison with the pure AgAsS2 glass and Si standard.

Raman spectra of the pure AgAsS2 glass and CNTs–AgAsS2 glass
composite are shown in Fig. 4. Two prominent peaks at 342 and
376 m�1 correspond to pyramidal AsS3/2 and –S–Ag–S– linkages
in Ag3AsS3 units [21]. The CNT adding induced increase in the
Raman activity of the mid-frequency �650 cm�1 is related to a
d (b) CNTs–AgAsS2 glass composite.
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Fig. 7. Conductivity vs. time dependence potentiostatic curves of (a) pure and (b) CNTs–AgAsS2 glass composite.

Table 1
Comparison of main electric properties s25 1C, Ea, sdcp/sdc, and vickers microhardness of pure and CNTs–AgAsS2 glass composite.

Sample Conductivitys25 1C (S cm�1) Activation energy, Ea (eV) sdcp/sdc Wickers microhardness (Pa)

AgAsS2 glass 4.3870.0438�10�6 0.40172.32�10�3 0.043 9.8070.098�108

CNTs–AgAsS2 glass composite 6.5770.0657�10�6 0.36673.88�10�3 0.046 1.1370.0113�109
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breakdown in the pristine nanotube selection rules associated
with the adding and carbon nanotube deformation [22]. This is
consistent with the TEM data showing significant deformation of
the CNTs incorporated in the AgAsS2 glass.

Consequently, we investigated the influence of the CNT adding
to the AgAsS2 glass upon its optical and electrical properties. The
change of the optical properties of CNTs–AgAsS2 glass composite
is shown in Fig. 5 by an apparent decrease of the refractive index
value of �0.021, i.e., from n=2.652 to 2.631, compared to the pure
AgAsS2 glass, both calculated from spectroscopic ellipsometry
measurements for the wavelength l=1.55mm, which is typically
used as a reference value [23]. The index decrease is due to
introduction of the lighter element, i.e., carbon from the CNTs,
into the network of heavier elements present in chalcogenide
glass.

Fig. 6 shows typical impedance spectra of pure AgAsS2 glass
and CNTs–AgAsS2 glass composite. Nyquist plots representing
typical spectra of ionic conductors consisted of a high-frequency
arc (or its part) and a low-frequency tail [24], where the arc is
connected with the properties of the sample and the tail with the
electrolyte–electrode interface. The point marked fR is the
frequency at which the imaginary part of impedance Z00 reaches
its minimum and represents a transition between the high-
frequency semicircle and the low-frequency tail, i.e., the
frequency at which the polarization on the electrodes occurs
due to a space charge accumulation at the sample–electrode
interface. The sample conductivity at 25 1C, s25 1C, and activation
energy of ion conductivity, Ea, were calculated from Arrhenius
law:

s¼ s0

T
exp �

Es
kT

� �
ð1Þ

where s0 is the pre-exponential factor, Es is the activation energy
of conductivity, k is the Boltzmann constant, and T is temperature.
A significant increase of ion conductivity is shown for
CNTs–AgAsS2 glass composite as is obvious from the decreased
semicircle radius. We found a 50% increase in s25 1C conductivity,
i.e., from 4.38�10�6 to 6.57�10�6 S cm�1 and a 10% decrease of
activation energy Es, i.e., from 0.401�10�3 to 0.366�10�3 eV,
for CNTs–AgAsS2 glass composite compared with the pure glass.
We assume that the increase in ion conductivity is due to a
decrease in the energetic barrier for Ag+ ion transport in the glass
network because some of the ions can travel inside (if some CNTs
have open ends or defects on their walls enabling the ions to enter
the tubes) or along the CNTs. The Ag+ diffusion along conducting
substrate was proved to be enhanced due to space charge
lowering [25]. It means the Ag+ ions can move more rapidly
through the structure of the glass.

Fig. 7 shows the DC potentiostatic curves of pure AgAsS2 glass
and CNTs–AgAsS2 glass composite. The measured I vs. t curves
were recalculated to s vs. t curves taking into account the
dimensions of the samples. After 3 days of measurement, the
residual conductivity of the samples showed values that were
near equilibrium. The ion conductivity vanished after
approximately 5 h. The CNTs–AgAsS2 glass composite had
slightly higher residual conductivity than the pure glass most
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probably due to the presence of CNT in the glass. Table 1
summarizes all results determined from impedance and DC
potentiostatic measurements together with the values of
microhardness, which increased in the case of CNT-doped
AgAsS2 glass by about 15%, from 9.80�108 to 1.13�109 Pa. This
increase is probably caused by the presence of hardly deformable
covalent C–C bonds in the MW-CNT which are present in the
CNTs–AgAsS2 glass composite.
4. Conclusions

We have successfully prepared ion-conductive CNTs–AgAsS2

glass composite at relatively low temperature. To the best of our
knowledge, this paper represents the first example of conductivity
study of CNT–chalcogenide glass composite. Despite a low level of
CNTs concentration and a slight change in the CNTs morphology
in the glass network, the presence of CNTs brought about rapid
improvement of silver ion transport and conductivity, which is
expected to offer significant benefits for future battery applica-
tions. A likely prospect seems to be the adding of single-walled
CNTs in to ion-conductive glasses, which is expected to further
enhance ion transport due to the possibility of tailoring the
diameter of single-walled CNTs.
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