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A facile solution—chemical method has been developed to be capable of encapsulating a multiwalled carbon nanotube
(MWCNT) with ZnS nanocrystals without using any bridging species. The thickness of the ZnS shell can be tuned
easily by controlling the experimental conditions. The optical properties of the MWCNT/ZnS heterostructures were
investigated using UV—-vis absorption and photoluminescence spectroscopy. The optical absorption spectrum indicates
that the band gap of ZnS nanocrystallites is 4.2 eV. On the basis of the photoluminescence spectrum, charge
transfer is thought to proceed from ZnS nanocrystals to the nanotube in the ZnS—carbon nanotube system. These
special heterostructures are very easily encapsulated within a uniform silica layer by a modified-Stéber process
and still show better stability even after heat treatment at 400 °C, which makes them appealing for practical
applications in biochemistry and biodiagnostics.

Introduction nanocrystals to CNTs has emerged as an active fiéfdrhe

The discovery of the carbon nanotube has opened gSuperiority of this system lies in the fact that the combination
challenging new field in materials, solid-state physics, and of the properties of two functional nanoscale materials can

chemistry, offering a wide perspective for many possible 2 Used to achieve a wider range of applicatign&: Also,
applications:2 Nowadays, a great deal of research efforts the_ electroryc interaction betyveen _CNTs and the external
have been devoted to explore novel strategies that can alte@Ctive semiconductor layer is believed to be of equal
the physical properties of carbon nanotubes (CNTs) by importance because it plays a crucial role in constructing
surface modification with organic, inorganic and biological ©OPtoelectronic deviceS:** Several strategies have been
species ! These functional CNT-based composites show
eminent prospects and opportunities for new applications in (12) Lee, S. W.; Sigmund, W. MChem. Commur2003 (6), 780.

. . s . (13) Banerjee, S.; Wong, S. $. Am. Chem. So2003 125(34), 10342.
a wide variety of areas. Among them, linking semiconductor (14) Haremza., J. M.; Hahn, M. A.; Krauss, T. Rano Lett2002 2 (11),

1253.
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developed for the synthesis of CNT/semiconductor heterostruc-
turest> 16 However, most current methods of binding
semiconductor nanocrystals to CNTs often make use of small
organic bridging molecules to improve the adhesion between
the nanocrystals and CNT&>16.2528 This not only compli-
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Table 1. Summary of the Experimental Conditions and Results of the
Resultant MWCNT/ZnS Samples

sample A B C D E F G
TAA (9) 400 400 400 500 500 5.00 4.00
time (h) 2 4 6.5 2 4 6.5 4
shell thickness 12 15 20 18 23 25 13

cates the synthesis but also results in indirect and poorer (nm)
contact between the different phases. The resulting increase aj, the above-mentioned experiments, 1.10 g ZngAghd 0.10 g

in the barrier for electron transport can adversely affect the
material's performance in optoelectronic applicatiéhs.

Of the various types of nanocrystals, semiconducting metal
chalcogenide nanocrystals have been the most intensivel
studied because of their quantum confinement effects and
size- and shape-dependent photoemission characteristic

and diagnostics, light emitting diodes, photovoltaic devices
and laserg? 33 Many semiconducting nanocrystals of metal

sulfides with various compositions and shapes have been

synthesized. As an important group-NI| semiconductor
with a band gap of 3.6 eV, ZnS has been used widely in
displays, sensors, and lasers for many y&ar8.Function-
alizing CNTs with ZnS nanocrystals can not only combine
the advantages of ZnS and CNTSs but also may result in new
properties, which have potential applications in nanoscale

electronic devices. Several approaches have been put forwarq

for the synthesis of CNT/ZnS heterostructufés!® Such
approaches, though successful in the formation of nanoscale
heterostructures, were both complex and difficult to control.
Therefore, it is desirable to explore facile routes for the
synthesis of CNT/ZnS heterostructures with promising novel
properties, especially such methods that may be easily
controllable, easily repeatable, mild, and feasible. In this
Article, we demonstrate a facile solutioshemical route for
large-scale synthesis of uniform ZnS-coated carbon nano-
tubes without using any bridging species. Accordingly, the
elimination of barrier-to-electron transport would facilitate
the material’s performance in optoelectronic applications. By
varying the experimental parameters, the ZnS layer can be
adjusted properly. The formation mechanism of these het-
erostructures has been studied systematically.

The stability of nanoscale materials is a key factor
influencing their applications. Nanoscale materials often
display high chemical reactivity due to their low dimension-
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These semiconductor nanocrystals have been applied to many,
different technological areas, including biological labeling 7

MWCNT were used. Sample G was prepared without sonication process
and the other experimental conditions were analogous.

ality and a high surface-to-volume ratio. This chemical
eactivity leads to deformation, oxidation, and contamination
of the nanoscale materials, resulting in dramatic changes in
eir structures and properties. One solution to the problem
to coat them with inert protective sheatfis’® These CNT/
nS nanostructures would benefit from having a silica shell
to overcome the oxidation difficulty. Furthermore, silica-
coated nanostructures are very useful for biological applica-
tions because they allow for surface conjugation with amines,
thiols, and carboxyl groups, which in turn would facilitate
the linking of biomolecules such as biotin and avidin. On
the other hand, incorporation of luminescent nanomaterials
into nanotubes has been explored as a way to prepare bright
biological labels and functional composite luminescent
materials?* Herein, silica-coated MWCNT/ZnS heterostruc-
ures were prepared. The coating process is very simple
ithout any “surface decoration”, involving a modified-
tther process, which makes them appealing for practical
applications in biochemistry and biodiagnostics.

Experimental Section

Multiwalled carbon nanotubes (MWCNTS) were provided by the
Shenzhen Nanoport Company and were used without any acid
treatment. In a typical experiment, to prepare the MWCNT/ZnS
heterostructures, 0.10 g of MWCNTs (diameter of-60 nm) was
dispersed in 100 mL of distilled water with the aid of ultrasonication
(100 W, 40 kHz) for 10 min. Subsequently, 1.10 g of zinc acetate
(Zn(CH;COO)2H,0, A.R.) and 5.00 g of thioacetamide (TAA,
A.R.) were added to the mixture and stirred for 30 min. Then, the
mixture was heat-treated at 46 for 4 h. The as-obtained samples
were filtered and then washed with absolute ethanol and distilled
water several times to remove possible residual impurities. The
products were dried at 6@ in a vacuum oven before being further
characterized. The detailed experimental parameters and their
influence on the thickness of the ZnS shell are listed in Table 1.
Coating of the MWCNT/ZnS heterostructures with gitas been
achieved using a versatile modified-B&w process with the aid of
sonication. Typically, 0.10 g of the obtained MWCNT/ZnS sample
was added to 50 mL of ethanol and sonicated for 15 min. Then, 5
mL of NHz-H,O (26%) and a certain amount of tetraethyl
orthosilicate (TEOS, A.R.) were added subsequently. After being
held for 1.5 h under sonication without any cooling, the products
were obtained by centrifugation, washed for several times, and then
vacuum-dried.

(37) Shen, G.; Bando, Y.; Golberg, D. Phys. Chem. R00§ 110, (42),
20777.

(38) Jiang, Y.; Meng, X. M.; Liu, J.; Hong, Z. R.; Lee, C. S.; Lee, S. T.
Adv. Mater.2003 15 (14), 1195.

(39) Jiang, Y.; Meng, X. M,; Liu, J.; Xie, Z. Y.; Lee, C. S,; Lee, S. T.
Adv. Mater. 2003 15 (4), 323.

(40) Shelimov, K. B.; Moskovits, MChem. Mater200Q 12 (1), 250.
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Figure 1. XRD pattern of the formed MWCNT/ZnS heterostructures. Inset
shows the EDS spectrum of the sample.

The X-ray diffraction (XRD) patterns of the samples were :‘
measured using a Japan Rigaku D/max 2550 VB/PC diffractometer
with Cu Ka radiation ¢ = 0.15418 nm). Transmission electron
microscope (JEM-100CXIl) and a high-resolution transmission
electron microscope (JEM-2100) were also used to characterize the
products. Scanning electron micrograph (SEM) images were taken
with a FEI SIRION-200 scanning electron microscope. The Fourier
transform infrared (FTIR) spectra of the samples were collected )
using a Nicolet Magna-550 infrared spectrometer. Raman scatteringE:agtg;gsizlr'u Ct(u"’:’:s) gfri\]"plzng):';i'g) 'Sglae%f: d%;ﬁfmgmﬁgagg\r’y?g&/ ﬁ::ges

spectra were measured with a LabRam 1B micro-Raman spectrom-f the MWCNT/ZnS heterostructures exhibiting a discrete ZnS layer, (e)
eter at room temperature. The 632.8 nm line of a—Ne laser HRTEM image of the formed MWCNT/ZnS heterostructures. Inset of e is

was used for the excitation. Diffuse reflectance spectra (DRS) were the corresponding processed FFT, and (f,g) TEM images of samples D and
obtained for the dry-pressed disk samples using a Scanuib/ B.

NIR spectrophotometer (Varian, Cary 500) equipped with an 1141 . . .
integrating sphere assembly. The excitation and photoluminescencetUbeS' The absorption at 1633 crhis assigned to the

(PL) spectra of the sample were measured with a Jobin Fluorolog- bending vibrations of adsprbed molecular water.
3-p spectrophotometer with a Xe lamp at room temperature. The morphology and microstructure of the samples were
examined by scanning electron microscopy (SEM), transmis-

sion electron microscopy (TEM), and high-resolution trans-
mission electron microscopy (HRTEM). SEM images reveal
The phase purity of the products was characterized by that the product appears to be ceshell in structure. The

X-ray diffraction (XRD) (Figure 1). The diffraction peaks thickness is uniform along the axis of a carbon nanotube. A
identify the sample as a mixture of the cubic phase of ZnS typical SEM image shown in Figure 2a reveals one composite
(space grougs43m, JCPDS 05-0566) with a lattice constant  nanowire with a naked end, showing a coaxial structure of
of a=5.29 A and MWCNTSs. The reflection at2= 26.18 the product. TEM images shown in parts b, f, and g of Figure
arising from the MWCNTSs corresponds to the 002 crystal 2 clearly demonstrate a sharp contrast between the outer and
plane, similar to the pristine MWCNTs. The peaks at inner layer in the axis direction, which suggests that there is
scattering angles of 29.22, 48.54, and 57.8@rrespond to  a different phase composition in the radial direction of the
the reflections from the 111, 220, and 311 crystal planes, wires. For better identification of the formed special core/
respectively, of cubic ZnS. The broadening of the diffraction shell heterostructure, Figure S2 shows the TEM image of
peaks reveals the smaller particle size of the ZnS specimensthe used MWCNTSs. It is clear that the MWCNTSs are endless

The average crystallite size roughly estimated on the basisWith a rather smooth surface. In addition, Figure 2c also
of the Scherrer formula is about 3 nm. The energy-dispersive Shows a selected TEM image of the MWCNT/ZnS hetero-

spectrometry (EDS) results for the sample reveal the presencétructures with a discrete ZnS layer, and the enlarged image
relatively weak oxygen peak in the spectrum probably @S Well as the outer formed ZnS layer can be observed

originates from the unavoidable surface-adsorption of oxygen @Pparently. It should be noted that the ZnS layer is
onto the samples from exposure to air during sample constructed of nanoparticles about 3 nm in diameter, which

processing. The FTIR spectrum (Figure S1) of the formed is consistent with the XRD results. The adhesion of the ZnS

MWCNT/ZnS heterostructures was obtained to determine Shell to the MWCNTs was very strong and could not be
the structure of the chemical groups formed on the nanotubed€tached from the latter, even after prolonged sonication.
S|devx{alls._ The absorption at 1569 chis associated with (41) Liu, L. Q.: Qin, Y. J.: Guo, Z. X.; Zhu, D. BCarbon2003 41 (2).

the vibration of the carbon skeleton of the carbon nano- 331.

— 100nm

Results and Discussion
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HRTEM was employed to investigate the inner structure of the amount of TAA was decreased from 5.00 to 4.00 g, the
the MWCNT/ZnS heterostructures, showing that the external thickness of the ZnS shell would change from 23 to 15 nm.
layer was composed of small ZnS nanoparticles with an When the reaction time was increased from 2 to 6.5 h, the
average diameter of 3 nm (Figure 2e). Fast Fourier transformthickness of the ZnS layer changed from 18 to 25 nm.
(FFT) analysis of selected regions of the coating can reveal The MWCNT/ZnS herterostructures were synthesized by
details of the local ZnS structure. The inset to Figure 2e is a mild solution-chemical reaction using TAA and Zn(GH

the corresponding FFT diffraction pattern, which can be COO)}as $ and Zr#" sources, respectively, as well as using
indexed to cubic ZnS. The concentric rings could be assignedMWCNT as a substrate. In comparison with previous studies
as diffractions from 111, 220, and 311 planes of face-center- on metat-sulfide nanoparticles, the probable reaction process
cubic (fcc) ZnS from the centermost ring, respectively. for the formation of MWCNT/ZnS heterostructures can be
Detailed analysis on the lattice fringes gives an interplanar summarized as follows:

spacing of 0.31 and 0.34 nm, which match well with the

111 and 002 plane separations of the standard bulk zinc CH,CSNH, + H,0 — CH,;CONH, + H,S

blende ZnS and MWCNTSs, respectively.

oyt — oyt -
To understand the formation of MWCNT/ZnS hetero- HS—H"+HS 2H" + 8

structures better, a series of controlled experiments were Zntt+ & — ZNS paricle)
carried out. In the absence of MWCNTS, only spherical ZnS
nanoparticles can be obtained, as shown in Figure S3. In NZNSparicie) + MWCENT —~ MWCNT/ZnS

view of the low-energy point, the MWCNTSs are apparently
capable of offering optimal nucleation sites. The formation ~ Under the experimental conditions, the positive metal ions
of spherical ZnS particles can be attributed to the oriented Zn** can be first adsorbed onto the surface of MWCNTs
aggregation of the initially formed ZnS nanocrystals. The because of electrostatic attractibithe immobilization of
encapsulation condition has also been found to be stronglyZn** ions allows heterogeneous nucleation along with the
dependent on the utilization of ultrasonication. Without the release of & from TAA at elevated temperatures, which
aid of ultrasonication, the morphology of the samples varied can be catalytic toward the decomposition of TAA, leading
greatly (Figure S4). The MWCNTSs were not well encapsu- to the formation of primary ZnS particles around the sites.
lated by the ZnS, and independent ZnS nanocrystals wereAs a result of the relatively lower reaction temperature,
also formed in the products. Ultrasonication has been usedprimary ZnS nanocrystals can also be formed gradually under
previously to shorten carbon nanotuiéand a recent study @ condition of homogeneous nucleation in the aqueous
also used it to treat nitrogen-doped carbon nanotubes for ionicsolutions. Through oriented aggregation of the formed
adsorption of Au nanoparticléd.Ultrasound can produce Primary ZnS nanocrystals, MWCNT/ZnS heterostructures
extremely high local temperatures-000 K) due to the would be formed. The main driving force for oriented
implosive collapse of liquid bubbléd. They may expedite ~ aggregation of the nanocrystals was attributed to the tendency
the surface-modification process of carbon nanotubes. Figureto decrease the high surface energy. Through the rotations
S5 shows the Raman spectra of a MWCNT sample before Of the primary ZnS nanocrystals caused by various interac-
and after sonication. The intensity of the peak at 1324 tions such as Brownian motion and the short-range interac-
cm (D band), which is assigned to the amorphous carbon tions between adjacent surfaces, oriented aggregation can
or fine graphitic particles, was greatly reduced after ultra- be realized>=*" It is known that oriented aggregation only
sonication, indicating that the MWCNTSs have been “cleaned” requires a 2D structural accord within the plane of the
greatly. The ultrasonication process modified and activated @pproaching surfacé;® and the lattice continuity among
the surface of the MWCNTSs, which would offer suitable attached crystals has been confirmed by HRTEM results.
nucleation sites for the subsequent growth process. Thereforelncreasing reaction time will lead to the formation of the
the ultrasonication process can be considered as the dominarifiicker ZnS shell, and a uniform layer was finally formed
factor for the Synthesis of well-defined MWCNT/ZnS over the entire external MWCNT surface at Steady State.
heterostructures. Furthermore, the thickness of the ZnS shell Optical studies were carried out to evaluate the crystal-
could be readily controlled by changing experimental lization degree and potential optical properties of the as-
parameters such as the initial concentration of TAA and prepared MWCNT/ZnS composites. The absorption spectrum
reaction time. By suitably adjusting these parameters, theof MWCNTSs is rather featureless in the measured region.
thickness of ZnS shell will change simultaneously. These Figure S6 shows the UVvis absorption spectrum of the
parameters and their influence on the thickness of the ZnSMWCNT/ZnS composites. After ZnS coating, a dominant
shell are listed in Table 1. Using smaller amounts of TAA absorption peak at 293 nm can be observed, which is
with the other experimental conditions unchanged resulted considerably blue-shifted from 340 nm for bulk zinc blende
in the formation of a thinner ZnS shell. For example, when

(45) He, T.; Chen, D. R;; Jiao, X. IChem. Mater2004 16 (4), 737.
(46) Banfield, J. F.; Welch, S. A.; Zhang, H. Z.; Ebert, T. T.; Penn, R. L.
(42) Xing, Y. C.J. Phys. Chem. B004 108 (50), 19255. Science200Q 289 (5480), 751.
(43) Jiang, K.; Eitan, A.; Schadler, L.; Ajayan, P. M.; Siegel, R. W.; (47) Alivisatos, A. P.Science200Q 289 (5480), 736.
Grobert, N.; Mayne, M.; Reyes-Reyes, M.; Terrones, H.; Terrones, (48) Gu, F.; Li, C. Z.; Wang, S. F.; Lu, M. KLangmuir 2006 22 (3),
M. Nano Lett.2003 3 (3), 275. 1329.
(44) Suslick, K. S.; Hyeon, T.; Fang, NChem. Mater1996 8 (8), 2172. (49) Penn, R. LJ. Phys. Chem. B004 108 (34), 12707.

5346 Inorganic Chemistry, Vol. 46, No. 13, 2007



Carbon Nanotube/ZnS Nanoparticle Core/Shell Heterostructures

;.- [ hY
a1 N,
r f =
A A B R
o 2t
£/ \.\
A "\.\\__.
_ | .
= "‘..I 400 450 500 S50 800
= Wavelength (nm}
z |
-G ‘\'_“
T Mp‘rMUWM )\-‘»\, s
= Y “a
- s \“xf\_.\ L,
'\M«’w \\N\\\A-‘-\ o
AN
RN
1 1 1 1 1

350 450 500

Wavelength (nm)

Figure 3. Room-temperature PL spectra of the formed MWCNT/ZnS
(black line) and MWCNT/ZnS/Sig(red line) heterostructures. Inset shows
the spectrum of the ZnS nanoparticles.

00 nm

Figure 4. TEM images of the formed MWCNT/ZnS/Si®eterostructures.

As aresult of the unstable properties of sulfides in nature,
it is critical to employ a protective sheath of thermally and
chemically stable materials around the as-obtained products

ZnS because of quantum size effects. According to the i3 gnhance their performance for promising applica-
experimental correlation between the position of the maxi- tjons485455 These MWCNT/ZnS heterostructures would

mum of the absorption and the size of the nanocry$tal,

benefit from having a silica shell to impart wettability and

the particle size of the ZnS nanocrystals is estimated to bebiocompatibility?6‘59 A silica shell should also minimize

3.2 nm. It has been documented that the optical absorptionggrescence quenching by surface adsorbates or redox-active
of ZnS nanocrystals with a size of 4 nm exhibits an excitonic ,o1ecules0-62 enabling them to be used in biosystems. Since

peak at 305 nm? and the presented variation of the band giger et al. developed a method in which Sigarticles

gap versus the size of the ZnS nanocrysta_llites indicates that.3n form by the hydrolysis and polycondensation of tetra-
an excitonic peak at 293 nm, corresponding to a band gapgihoxysilane under alkaline conditions in ethaffolarious

of 4.2 eV, would correspond to a ZnS nanocrystallite size gnnroaches have been reported for the preparation of coated

of about 3 nm, which is consistent with the XRD and jysrganic nanoparticels (such as Au, ZnS, PbS, CdS, and
HRTEM results. Figure 3 gives the photoluminescence (PL) CdTe)4854596466 The chemical process can be presented as

spectrum of MWCNT/ZnS heterostructures. For comparison,

the spectrum of the pristine ZnS nanospheres is also included\m\wWCNT/ZnS + Si(OCHg), + NH; +

It is clear that one dominant emission band centered at 438 2H,0 — MWCNT/ZnS/SiQ, + 4C,H.OH + NH,
nm can be observed, corresponding to the trap-states emission

of ZnS nanocrystals as a result of the broad feature and With the existence of water and ammonia, ethyloxysilane

substantial red shift of the bafid.After coating MWCNTSs

with ZnS, a broad and weak emission band peaking at
454 nm can be obtained with an apparent red shift of about
16 nm. Previous studies indicated that CNTs can act as

energy sinks in an excited-state energy transfer mechanis
due to the effect of the electron acceptors of CR¥&The

groups would hydrolyze into silanol groups{&dH), which

would adhere to the surface of ZnS nanoparticles because

of electrostatic forces. After S oating, the uniform Si©
shell around the MWCNT/ZnS can be clearly observed, and

Mailored SiQ shell thickness in the range of-50 nm could

be derived under controlled experimental conditions (Figure

broadening of the PL spectral response indicates that thereS7). Figure 4 shows typical TEM images for the MWCNT/
is a significant ground-state interaction between ZnS nano- 7,/siq, heterostructures with silica thicknesses of 5 and

crystals and MWCNTS$? Therefore, it can be concluded that
electrons from the external ZnS nanocrystals will flow into
the inner MWCNTs to form an accumulation layer of

electrons, suggesting potential applications for highly ef-

ficient photoelectrochemical ceffisThe direct adhesion

between the nanocrystals and CNTs would affect the 58)

structure of the adherent ZnS, inevitably with the formation

of some local energy levels in the band gap, resulting in the

red shift of the emission peak. An investigation into the

mechanism of the influence of carbon nanotubes on the

optical properties is in progress.
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enhanced greatly after coating MWCNT/ZnS with a $iO
layer while the peak position did not shift (Figure 3), which

is terrific for biological applications. The enhancement of
the luminescence intensity can be ascribed to the removal
of electron capture centers on the surface of the ZnS sheath
or the removal of nonradiative decay channels because of
the silica shell around ZnS.

Conclusions

Intensity (a.u.)

In summary, we have successfully prepared MWCNT/ZnS
core/shell heterostructures by a facile soluti@hemical
method, which offers the possibility to readily control the
thickness of the ZnS shell by adjusting the experimental

Two theta (%) parameters properly. The formation of ZnS shell on the
Figure 5. XRD pattern of the formed MWCNT/ZnS/SiMieterostructures MWCNTSs has been found through the oriented aggregation
fétseljlth;a‘tt};ze?;ﬁ?p@t_ 40T for 2h. Inset shows the corresponding EDS ¢ yho formed ZnS nanocrystals. In addition, these hetero-

structures are easily encapsulated within a uniform, &iger

10 nm, respectively. It is obvious that the MWCNT/ZnS  without surface modification, showing better optical proper-
composite nanowire is encapsulated by a uniform layer of ties and thermal stability. Such special structures may enrich
silica. FTIR results confirmed the presence of SIiONT, the family of 1D nanomaterials and represent good candidates
and ZnS in the samples. Absorption bands at 466 (5t for further applications.
Si band), 799 (S+O—Si symmetric strength), 949 (SO— ]
Si strength), and 1100 and 1195 ¢h{Si—O—Si antisym- Acknov'vled.glment. This work was supported by the
metric strengthe®) were observed after coating MWCNT/ Shanghai Rising-Star Program (Grant 06QA14013), the
ZnS with SiQ (Figure S8). The data strongly suggested that National Natural Science Found_anon Qf China (Gran_ts
the MWCNT/ZnS samples were really encapsulated within 20236020 ar_1d 20176009), the Major Basic Research_PrOJect
the silica matrix. To investigate the stability of the sample, ©f Shanghai (Grant 04DZ14002), the Pre-973 Project of
we carried out the experiment by calcining the formed China (Grant 2002CCA2200), the 973 Project of China

MWCNT/ZnS/SiQ heterostructures at 40C for 2 h. From ~ (Grant 2004CB719500), the Special Project for Key Labora-
the XRD pattern shown in Figure 5, almost all of the tory of Shanghai (Grant 04DZ05622), and the Special Project

diffraction peaks are similar to those of the MWCNT/zns for Nanotechnology of Shanghai.

sample. The appearance of a strong, brqad diffraction at  supporting Information Available: FTIR spectra of MWCNT/
lower angles (2 = 21-26°) can be attributed to the znS and MWCNT/ZnS/Si@ heterostructures; TEM images of
contribution of the amorphous silica sheath. No characteristic MWCNTs, MWCNT/ZnS/SiQ heterostructures with different silica
peaks of impurities such as zinc oxide were observed. EDSthicknesses, ZnS nanoparticles without MWCNTs, MWCNT/ZnS
results also indicate the presence of Zn, S, C, O, and Si.samples prepared without sonication; Raman spectra of MWCNT
These data clearly confirm that the obtained nanostructuressamples before and after sonication; and UV-vis absorption
still stayed stable even after heat treatment at4DOvhich spectrum of MWCNT/ZnS heterostructures. This material is avail-
makes them appealing for practical applications in many able free of charge via the Internet at http://pubs.acs.org.

fields. It should be noted that the luminescence intensity was|C7004858
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