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Single-walled carbon nanotube (SWCNT) samples were rigorously purified by
high temperature oxidation, acid treatment, ultrasonication, neutralisation
and filtration process. By a very simple wet chemical route, SWCNT bundles
were hybridised with freshly prepared ZnS nanocrystals of average size 2.00 nm.
Characterisation of the prepared samples was done by scanning electron
microscopy, energy-dispersive X-ray spectroscopy, high resolution transmission
electron microscopy, Fourier transform infrared ray spectroscopy, Raman
spectroscopy and UV-Vis spectroscopy. Photoluminescence (PL) study of the
SWCNT/ZnS hybrid structure showed two distinct types of emission patterns
depending upon the excitation wavelength, one in the ultraviolet region
wavelengths and the other, for the higher excitation wavelength range, when
the PL spectrum mostly covered the visible region.
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1. Introduction

The discovery of carbon nanotubes (CNTs) by Iijima [1] offered scope for wide
applications in different fields for their unique physical and chemical properties [2].
Surface modification of CNTs with biological, organic and inorganic compounds can
significantly influence their physical properties and provide novel properties for practical
applications [3]. Optical properties of modified CNTs have attracted much attention of
the researchers for quite some time now [4,5]. Studies on luminescent semiconductor
nanocrystals (NCs) have been used extensively because of their potential applications
in future optoelectronic devices. CNTs modified with semiconductor NCs are more
active due to their size dependent optical properties, which enhance potential of their
applications in several areas [6–14]. The concept behind the CNT/NC hybrid structure
lies in the fact that the combined properties of two functional nanoscale materials yield
in a wide range of applications [15–20]. The electronic interaction between CNTs and
the external semiconductor layer also plays a crucial role in constructing optoelectronic
devices [21,22]. Therefore, varieties of semiconductor nanoparticles, such as CdSe, CdTe,
PbSe, CdS, TiO2, SiO2 and ZnO have been bound to the surface of CNTs.
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ZnS is an important wide bandgap II–VI semiconductor, which finds applications

in luminescent materials [23,24], infrared windows [25], flat panel displays, photocatalysis
[26–28] and photovoltaic devices [29]. ZnS NCs are reported to have unique properties,

such as photocatalysis, though photocatalytic activity is very low due to the recombination
of electron (e�)/hole (hþ) pairs generated. Since the excited e� of the conduction band of

the semiconductor photocatalyst could migrate to CNTs, the recombination of the e�/hþ

pairs could be restrained and thus the photocatalytic efficiency could be enhanced [30].

Studies of optical property of single-walled carbon nanotube (SWCNT)/ZnS hybrid

structure have been made earlier by several researchers [31,32], but to our knowledge,
so far no systematic study of photoluminescence (PL) spectrum with variable excitation

wavelengths has been made.
Here, in this article we report a very simple chemical process to synthesise SWCNT/

ZnS hybrid structure. The hybrid structure has been obtained adopting a simple

chemical reaction method, carried out at room temperature and involves minimum time
consumption, relative to the methods reported earlier [30,31]. We also report a PL study of

SWCNT/ZnS hybrid structure for a wide range of excitation wavelengths, from 220 nm
to 400 nm. The goal of the present work has been to prepare SWCNT/ZnS hybrid

structure in a very lucid method and to study the visible luminescence characteristics
of SWCNT for possible applications in biological imaging, sensors and fabrication of

nanoelectronic devices. The characteristic PL emissions as reported in the present article
can be explained by considering the charge flow from ZnS NCs onto the SWCNT walls.

2. Experimental

We have procured SWCNTs (1–2 nm outer diameter, length: 1–3 mm and purity 495%)

from Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences and further
purified them by heating in a Muffle furnace (Metrex Scientific Instruments (P) Ltd.,

India) at 350�C for 1 h and then soaking in 6M HCl overnight, followed by sonication
using Peizo-U-Sonic (250W) ultrasonicator for 5min, filtration over a 0.22 mm millipore

membrane and washing thoroughly with de-ionised water until pH neutral. Pristine
SWCNT samples are characterised by scanning electron microscopy (SEM),

energy-dispersive X-ray (EDAX), X-ray diffraction (XRD), Raman spectroscopy, high

resolution transmission electron microscopy (HRTEM) and UV-Vis spectroscopy.
Through a simple wet chemical process, SWCNTs are enveloped with as-prepared ZnS

nanoparticles. The chemicals used for the purification of SWCNTs as well as for the
synthesis of hybrid structure are of Merck (GR grade) and have been utilised without

further purification. To prepare SWCNT/ZnS hybrid, we have taken 20mL of zinc nitrate
solution and 10mL of saturated solution of sodium sulphide in methanol. To the freshly

prepared zinc nitrate solution, 9.4mg of pure SWCNT has been added and stirred
vigorously using a magnetic stirrer up to 1 h. Sodium sulphide solution is then added

dropwise to the zinc nitrate solution containing SWCNTs till the pH become 8.

Ultrasonication of the solution has been done for 1 h, followed by filtration using millipore
filtration apparatus to separate the precipitate from the mixture. The precipitate is washed

with methanol followed by de-ionised water to remove excess sodium particles. The
above-mentioned process has been carried out at room temperature.
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Characterisation of the as-prepared sample for its nanostructural as well as
optical properties has been done by SEM/EDAX (HITACHI S-3000N) and XRD
(Philips PANalytical X-Pert Pro diffractometer with CuKa radiation, �¼ 0.154056 nm).
Compositional analysis of the sample is done by Fourier transform infrared ray (FTIR)
(Nicolet iS10) spectroscopy. FTIR analysis confirmed the presence of sulphur compound
with SWCNTs. The microstructure of the surfaces of SWCNT bundles attached with ZnS
nanoparticle has been confirmed by HRTEM (JEOL JEM 2100) micrograph using
an operating voltage of 200 kV. Raman spectroscopy (provided with edge filter and a
charge-coupled device (CCD) detector) has been performed using TRIAX 550 JY Horiba
USA. Argon ion laser of wavelength 480 nm has been used as an excitation source for
Raman spectroscopy. To study the optical property of SWCNT/ZnS hybrids, the dried
sample is dispersed in dimethyl sulphoxide (DMSO) and its optical absorbance
characteristics studied using UV-Vis (HITACHI U-3010) spectrophotometer. PL spectrum
of the sample has been studied using FL spectrofluorimeter (HITACHI, F-2500).

3. Results and discussion

Figure 1(a) shows the SEM micrograph of SWCNT/ZnS hybrid. The inset of Figure 1(a)
shows the HRTEM micrograph of pristine SWCNT. From Figure 1(a) it is observed that
ZnS nanocrystallites have thick layers around aligned SWCNT bundles. The alignment,
though achieved accidentally, may be assigned to the exfoliation of SWCNT bundles
during sonication. The presence of ZnS has been revealed from EDAX analysis
of modified SWCNT. EDAX spectrum of ZnS coated SWCNT is shown in Figure 1(b).
The presence of zinc (Zn) and sulphur (S) along with carbon (C) indicates that ZnS is
present with SWCNTs. The XRD pattern of the modified SWCNT/ZnS hybrid structure
is shown in Figure 2. The peaks centred at 26�, 44� and 50� correspond to (0 0 2), (1 0 1)
and (1 0 2) reflections, respectively, of graphitic planes of the CNTs (JCPDS card no.
75-1621). The XRD pattern of SWCNT/ZnS heterostructures also shows the peaks
assigned to (1 1 1), (2 2 0) and (3 1 1) planes of the cubic phase of ZnS crystal structure
which are in good agreement with the reported data for ZnS (JCPDS card no. 05-0566).
The diffraction pattern reveals a mixture of the cubic (fcc) phase of ZnS with a lattice
constant of a¼ 5.4060 Å and graphitic structure of SWCNTs. The broadening of the
diffraction peaks reveals that ZnS nanocrystallites are formed. The average size of the
crystallite is calculated from the full-width at half-maximum (FWHM) of the diffraction
peaks using the following Debye–Scherrer formula [33].

D ¼ 0:89�=� cos �,

where D is the mean grain size, � is the X-ray wavelength, � is the FWHM of diffraction
peak and � is the diffraction angle. The average size of ZnS nanocrystallite is found to be
2 nm. The HRTEM picture clearly reveals the attachment of ZnS NCs on the surfaces of
thinner SWCNT bundles. Figure 3 shows the HRTEM micrograph of SWCNT/ZnS
hybrid structure. The inset of Figure 3 shows the corresponding selected area electron
diffraction (SAED) image. The uniform concentric rings suggest that the NCs have
preferential instead of random orientation. The concentric rings could be assigned as
diffraction from (1 1 1), (2 2 0) and (3 1 1) planes of cubic ZnS from the centre most ring,
respectively. The interplanar spacing (dhkl) as calculated from TEM, XRD and JCPDS
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data card, and corresponding (hkl) values are summarised in Table 1. But the average size

of the ZnS NCs from HRTEM micrograph is found to be 12 nm. Therefore, it may be

concluded that the ZnS nanoparticles consist of smaller particles or subunits with the

average size 2 nm. Clusters of nanoparticles formed may be due to the fact that no capping

agent has been used in the method to control agglomeration.
The chemical state of SWCNT surface is characterised by FTIR spectroscopy. Figure 4

shows a comparison of the FTIR spectra of pristine SWCNT and that of SWCNT/ZnS

Figure 1. (a) SEM micrograph of SWCNT bundles in ZnS envelope; inset shows the HRTEM
micrograph of pristine SWCNT bundle. (b). EDAX analysis of SWCNT/ZnS hybrid structure.
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Figure 3. HRTEM micrograph showing SWCNT bundles hybridised with ZnS nanoparticles.
The inset shows the SAED pattern of the modified SWCNT samples.
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Figure 2. Smoothened XRD pattern of SWCNT/ZnS hybrid structure.
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heterostructure. The stretches at 1124 and 1386 cm�1 confirm the presence of sulphur

compound bondings, which are absent in the case of pristine SWCNT. Peaks at 1630 and
3540 cm�1 are deformation vibrations and stretching vibrations of H2O, respectively,

originated from the absorption of water by KBr matrix [34]. In order to investigate the
effect of semiconductor NC adhesion to the SWCNT bundles, Raman spectra of pristine

SWCNT and SWCNT/ZnS hybrid structure are recorded. Figure 5 shows the comparison

of Raman spectra for both samples. In the Raman spectra, D and G modes for both
pristine and hybridised SWCNTs are located at 1359 cm�1 and 1589 cm�1, respectively.

Also, no appreciable shift of SWCNT/ZnS hybrid structure in the radial breathing

mode (RBM) has been observed when compared to that of the pristine SWCNT samples.
So, hybrid structure remained almost unaffected, as reported earlier [31]. The spikes

present along with the Raman peaks do not correspond to Raman emission. The CCD

array detectors are susceptible to the effects of cosmic rays that pass through them during
an exposure. These rays add charge to one or more pixels depending on the direction

of travel of the ray and hence the spikes which appeared in the observed Raman spectra.
The absorbance spectrum of pristine as well as ZnS–SWCNT hybrid structure is shown

in Figure 6. Characteristic UV-Vis absorption has been observed with a strong absorbance
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Figure 4. FTIR spectra of (a): pristine SWCNT, and (b) SWCNT/ZnS hybrid.

Table 1. Interplanar spacing (dhkl) from TEM, XRD and JCPDS
data with corresponding (h k l ) values of ZnS NCs.

dTEM (Å) dXRD (Å) dJCPDS (Å) (h k l )

3.129 3.150 3.123 (1 1 1)
1.871 1.912 1.912 (2 2 0)
1.600 1.637 1.633 (3 1 1)
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peak at about 296 nm for SWCNT/ZnS hybrid while at about 271 nm for pristine
SWCNT samples. The absorbance peak of SWCNT/ZnS hybrid is red shifted relative to
that of the pristine SWCNT because the coating of ZnS NCs on SWCNT walls has
increased the total size of the bundles. When compared to the absorbance of bulk zinc
blende ZnS (340 nm), a blue shift is noticed, which is due to quantum size effects [32].
We have not observed any absorption bands in the Vis-NIR region for pristine SWCNTs
as reported earlier by Strano et al. [22], may be due to the fact that exfoliation of SWCNT
bundles in DMSO has not taken place up to that extent as acquired by dispersing them
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Figure 6. Absorbance spectra of pristine SWCNT and SWCNT/ZnS hybrid.
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Figure 5. Raman spectra of pristine SWCNT and SWCNT/ZnS hybrid.
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in sodium dodecyl sulphate (SDS). Figure 7(a) shows the PL spectra of pristine SWCNT

and SWCNT/ZnS hybrid structure at an excitation wavelength of 330 nm. The SWCNT/

ZnS hybrid showed a broad emission in the visible region covering up to 650 nm with peak

emission at 425 nm under excitation of 330 nm, which is absent in the case of pristine

SWCNT sample. Figure 7(b) and (c) exhibits the two typical patterns of PL spectra

for two different ranges of excitation wavelengths, one for 260–280 nm and another for

330–400 nm excitation wavelength ranges. Below 260 nm excitation wavelength, no pro-

nounced emission is being observed. When the hybrid sample is excited by low excitation

wavelengths from 260 to 280 nm, PL bands gradually blue shifted. For 260 nm excitation

wavelength, the emission peak is found at 336 nm, for 270 nm, the peak happened to be at

333 nm and for 280 nm excitation wavelength, the peak has been found to be at 330 nm.
The emission pattern begins to change its nature with the 330 nm excitation

wavelength. For 330 nm excitation, we get the emission peak at 430 nm. For 360 nm

excitation wavelength, we get a peak at 460 nm, for 380 nm excitation, the peak has been

observed to be at 470 nm and finally for 400 nm excitation wavelength, the peak positioned
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Figure 7. (a) PL spectra of pristine SWCNT and SWCNT/ZnS hybrid (at excitation of 330 nm
wavelength). (b) First range of PL emission (at excitation of 260–280 nm wavelength). (c) Second
range of PL emission (at excitation of 330–400 nm wavelength).
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at 495 nm. In this case, unlike for low excitation wavelengths, the PL peak positions are
gradually red shifted and decreased in intensity with increasing excitation wavelengths. On
further increasing the excitation wavelength, no appreciable emission has been obtained.

Due to the direct adhesion of ZnS NCs with SWCNTs, some local energy levels in the
bandgap are formed [32]. When irradiated by UV light, valence band electrons of ZnS get
excited and move towards the conduction band forming electron–hole pairs. Due to strong
interfacial connection between ZnS nanoparticles and SWCNTs, the excited e� of the
conduction band of ZnS nanoparticles migrate to SWCNTs, which are relatively good
electron acceptors [35–37]. So, recombination of the electron–hole pairs get retarded,
which results in the promotion of photocatalytic activity in ZnS nanoparticles [30], as well
as modification of energy band structure. When excited by lower excitation wavelengths
and hence higher energy values, transition of electrons from ZnS to SWCNTs takes place,
but these high energetic electrons transit instantly thereby causing emission. Up to 280 nm
excitation wavelength, the number of electrons taking part in the transition process
increases and hence the increase in PL intensity. But on further exciting the hybrid
structure with increased wavelengths, electrons get trapped by SWCNTs and intra-band
emission takes place. Retardation of electron–hole pair formation increases, leading to
decrease in intensities and gradual red shift.

4. Conclusions

Synthesis of SWCNT/ZnS heterostructures consisting of ZnS NCs of average size 2 nm
has been achieved following a very simple chemical precipitation method without using
any capping agent. The NCs wrapped around the thin SWCNT bundles is confirmed by
HRTEM, SEM and XRD studies for SWCNT/ZnS hybrid structure. The FTIR analysis
implies that the ZnS nanoparticles are deposited on the surface groups of SWCNTs.
At UV excitation of 330 nm, significant visible PL has been observed with ZnS–SWCNT
hybrid structure. Furthermore, two distinct patterns of PL spectrum have also been
observed when excited by UV radiations of increasing wavelengths. Therefore the present
method is a lucid method to synthesise SWCNT/metal-sulphide hybrid structure and
can also be implemented to obtain varieties of CNT/metal-sulphide heterostructures.
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