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Multiwalled carbon nanotubes (MWCNTs) and metal oxide composites, including
MWCNTs@SnO,, MWCNTs@ZrO,, MWCNTs@Fe,0s3, as well as corresponding metal oxides
(MO) hollow structure consisted of SnO,, ZrO,, or CeO, metal oxide single crystals, respectively, are
produced using porous carbonaceous coating and multiwalled carbon nanotube core as dual
templates. The synthesis procedure involves programmed steps in which the templates are removed
in a controlled sequence. The carbonaceous layer coated on MWCNTs provides porous surface for
the adsorption of metal oxide precursors and a buffer zone to help the dispersion of metal oxide
nanocrystals. The MWCNTs provide mechanical supports during the whole process before they are
removed. MWCNTs@MO nanocomposite are obtained by the removal of the porous carbonaceous
layer, and metal oxides hollow structure is produced after the removal of the MWCNTs.
MWCNTs@SnO, nanocomposite shows excellent lithium storage property as anode material for
lithium-ion batteries, and SnO, hollow structure shows high sensitivity and response rate as gas

sensor material.
Introduction

Metal oxides have been very important materials in
catalysis,"* gas sensors,”* and energy conversions.” It is
desirable to produce metal oxide materials with large
surface area and preferred morphologies that prompt
mass transfer of the species. An excellent approach is to
synthesize metal oxide nanocrystals and assemble them
into certain uniform morphologies. However, because of
the high surface energy of the nanocrystals, aggregation
often occurs with them, resulting in irregular morpholo-
gies and limiting their applications. Three approaches
were usually used to prevent the undesired aggregation of
the nanocrystals. First is to fabricate metal oxide materi-
als with pore structures in nanometer scale,’ while
preparing highly crystalline pore walls is still very diffi-
cult.” The second method is to assemble the nanoparticles
into hierarchical structures with the help of surfactants.®
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The third way is to disperse the metal oxides nanocrystals
on a support with desired structures.’

When nanoparticles are dispersed on a supporting
material, the support provides both surface for dispersion
and mechanical support for the nanoparticles. In some
applications such as lithium-ion batteries and gas sensors,
the support also provides critical electron and ion diffu-
sion courses.'*!" Carbon nanotubes (CNTs) have been
considered as an excellent choice as the support due to its
structural, electronic, mechanical, and optical proper-
ties.!? Several methods were developed to produce CNT
supported composite materials. These methods are usual-
ly used for noble metal nanoparticles because mono
dispersed noble metal nanoparticles can be generated
under mild conditions in solution, and have strong inter-
actions with functional groups on the CNT surface.
However, it is difficult to produce dispersed metal oxides
nanoparticles on CNTs. CNTs’ surface is hydrophobic,
in order to have strong bind between the metal oxide
precursor and the CNT support (template), organic metal
compounds and organic solvents are often used.'> "
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For supported metal oxide materials, if the loading is
high enough so that the metal oxide nanoparticles forms
mulitlayers on the support, then hollow structures can be
formed when the support is removed. Hollow structured
metal oxide materials may be very useful in applications
where the volume of the materials changes significantly,
for example, during the lithium ion uptake and release
cycle.'®!'” Many methods had been developed to fabricate
metal oxide hollow structures, including polyol-mediated
method,'® oxidation-coordination-assisted dissolution
method, '’ hydrothermal method,”® and sacrificial tem-
plating method."*~ 3273 Among these methods, template
route using hard (solid) templates is perhaps the most
effective method.” Hard template method for hollow
materials is essentially a two step method. The first step
is to load the desired particles on the support (template),
and then in the second step, the support (template) is
removed. In recent years, several supporting templates,
such as carbonaceous sphere,®’ hydrogels,?! carbon
nanofiber,'>!*?*72° carbon nanotubes (CNTs)!'>2"~2
as sacrificial supporting templates were used to produce
hollow tubes with fixed internal diameter and variable wall
thickness. Carbonaceous spheres and fibers are porous and
hydrophilic, so that the inorganic metal oxide precursor
solution can readily mix with the template.'”**3? Metal
oxide hollow structures are generated when the templates
are removed by combustion. However, it is very difficult to
control the sizes of the materials.>'*> In addition, the
hollow structure often collapses during the removal of
the templates.

To overcome these problems, we developed a dual
templates route to fabricate a series of metal oxides on
MWCNTs composite materials (MWCNTs@MO) and
metal oxide hollow structure, including SnO,, ZrO,,
Fe,05, and CeO», using carbonaceous carbon layer and
MWCNTs core as dual templates. With dual templates
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Scheme 1. Schematic Illustration of the Programmed Fabrication
Process of Metal Oxide Hollow Structure Using Carbonaceous
Layer Coated MWCNTSs Dual Templates
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we are able to spatially and chronically separate the
whole process into programmed steps. The overall syn-
thesis procedure employed for the preparation of
MWCNTs@MO composites and metal oxide hollow
structure was illustrated in Scheme 1. During the hydro-
thermal treatment, the carbonaceous layer was coated on
the carbon nanotube to form dual templates. Then, metal
cations permeate into the carbonaceous layer to load the
metal oxide precursors into the coating layer. By calcinat-
ing the sample at a relatively low temperature (280 or
400 °C) in air, the metal salts were converted into metal
oxides. Along this metal oxide forming process, the
carbonaceous layer was removed; while MWCNTs,
which can sustain mild heating, remain intact, thus
MWCNTs@MO composites were obtained. When the
calcinations temperature was elevated to 550 °C,
MWCNTs were combusted, leaving metal oxide nano-
crystals stacking with each other to form metal oxide
hollow structure.

This approach is reproducible and applies to several
metal oxides, resulting in several MWCNTs@MO and
metal oxides hollow structure, which show excellent
properties in sensor and lithium ion battery applications.

Experimental Section

Materials. Multiwalled carbon nanotubes (MWCNTSs) was
purchased from Shenzhen Nanotech Port Co. Ltd. and was
pretreated in 6 M nitric acid for 12 h. All other reagents were
purchased from Beijing Chemical Reagent Corporation, China,
and used as received.

Preparation of Dual Templates. In a typical procedure, glu-
cose (1.5 g) was dissolved in an aqueous solution of 10 mL
deionized water and 5 mL ethanol. Thirty mg of MWCNT was
then ultrasonically dispersed in the solution, forming dark but
homogeneous suspension. The mixture was then sealed in a 40
mL autoclave with a Teflon linear and was heated to 190 °C for 6
h, resulting in a dark purple mixture, which were collected by
centrifugation, and washed with four cycles of washing with
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water or ethanol. Finally the samples were dried at 80 °C
overnight.

Synthesis of MWCNTs@MO Composites and Metal Oxide
Nanostructure. Typically, the desired metal salt (SnCly, Fe-
(NO3)3, Ce(NO3), etc.) was dissolved in 20 mL ethanol
(forming 0.2 M solution). In the case of ZrO(NO3),, which has
low solubility in ethanol, a mixture solution of 15 mL of ethanol
and 5 mL of deionized water was used.

Oven-dried dual template (60 mg) was then dispersed in the
above-mentioned metal salt solutions under ultrasonication.
The ultrasonication continued for 30 min to ensure saturation
of the metal salt solution into the carbonaceous coating layer.
The black-brown sample was recovered from the solution,
washed and then dried at 80 °C for 12 h. MWCNTs@MO
composites were produced by calcinating the sample at 280 or
400 °C for 4 h. Corresponding metal oxide hollow structure was
obtained after calcination of the MWCNTs@MO composites at
550 °C for 6 h.

Characterization of the Samples. The microscopic features of
the samples were characterized by scanning electron microscopy
(SEM, JEOL-6701F) equipped with an energy-dispersive X-ray
analyzer, transmission electron microscopy (TEM, JEOL JEM-
1011), and high-resolution TEM (HRTEM, JEOL JEM-2010).
X-ray powder diffraction (XRD) patterns were collected on a
Rigaku D/max-2500 diffractometer with Cu KR radiation (1 =
0.1542 nm) at 40 kV and 100 mA. The TGA measurement was
carried out in air at a heating rate of 2 °C min~" using a Perkin-
Elmer Diamond TG/DTA Instruments. The weight content of
the SnO, in the composites was obtained from the inductively
coupled plasma emission spectrometer (ICP-AES, Shimadzu)
analysis. The SnO, on the composite was dissolved by a mixed
acid solution (HCI/HNO; = 3:1) and the quality of Sn** in the
solution were then analyzed by elemental analysis using ICP-
AES instrument.

Electrochemical experiments were carried out in Swagelok-
type cells. The working electrode was fabricated by casting a
slurry composed of 80 wt % active material MWCNTs@SnO,,
commercial SnO,), 10 wt % poly(vinylidene fluoride) (PVDF),
and 10 wt % carbon black onto a copper foil (99.6%, Good-
fellow). The electrolyte consisted of a solution of 1 M LiPFg in
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl
carbonate (DEC) (1:1:1, in wt %) obtained from Novolyte
Technologies (Suzhou) Co., Ltd. Lithium foil was used as the
counter electrode. A glass fiber (GF/D) from Whatman was
used as a separator. All the cells were assembled in an argon-
filled glovebox and were tested on an Arbin BT2000 system at a
rate of C/10 in the voltage range of 0.02—3.0 V (vs Li*/Li).

The gas-sensitivity measurements were carried out in a home-
made sensor testing system, and the sensor film were constructed
by depositing a drop of as-prepared ethanol suspension of tin
oxide on a commercial sensor electrode (UST, Germany).
Hydrogen was used as the testing gas and was introduced into
the testing chamber by mass flow controller. Measurements
were carried out at 250 °C, 320 °C, 380 °C, respectively.

Results and Discussion

Preparation of MWCNTs@SnO, Nanocomposite and
SnO, Hollow Structure. TEM image of the dual template
(Figure la) reveals the presence of a layer of carbona-
ceous coating and the MWCNT core. The carbonaceous
coating region is greyer than the MWCNTs part, indicat-
ing that the coating section is quite loose and with about
80 nm in thickness. Since the carbonaceous layer is

Zhang et al.

Figure 1. (a) TEM image of the carbonaceous layer coated MWCNT. (b)
TEM image of carbonaceous layer coated MWCNT dual template after
mixing with SnCly solution and heated in air at 400 °C for 1 h. (c) TEM
image of MWCNTs@SnO, nanocomposites after 4 h heating in air. (d)
HRTEM image of part of MWCNTs@SnO, nanocomposites after 4 h
heating in air.
produced in liquid, it is hard for glucose solution to enter
the inner space of the CNTs. We believe that carbona-
ceous layer is coated only on the outer surface of the
CNTs. The carbonaceous layer, formed by the carboni-
zation of glucose under hydrothermal condition, is
hydrophilic because of the abundant surface functional
groups such as—OH and C=0 groups, which can attract
the metal ions.>® When the coat layer is mixed with metal
salt solutions, the solution immediately permeates into
the pores of the loose carbonaceous layer. As the func-
tional groups and the pores are evenly distributed
throughout the coating, metal ions are thus spatially
dispersed within the coating layer. This is crucial in
obtaining highly dispersed metal oxide nanoparticles.
Figure 1b and ¢ shows MWCNTs@SnO, composite
treated in muffle furnace at 400 °C for 1 and 4 h,
respectively. After 1 h of calcination, the carbonaceous
layer is partially removed and a much thinner coating
layer (20 nm) remains. SnO, nanocrystals (Figure 1b)
trapped in the carbonaceous layer can be seen. After 4 h,
the carbonaceous layer is completely removed. SnO,
nanocrystals with the size of about 4 nm were formed
and uniformly loaded on the MWCNT as shown in
Figure 1c. No aggregation of SnO, nanocrystals is ob-
served. High resolution TEM images shown in Figure 1d
indicates that the SnO, nanocrystals exhibit (110) face of
the rutile phase with a lattice space of 0.33 nm. The lattice
fringe of 0.34 nm from the 002 face of the MWCNTs can
also be seen (JCPDS 75—1621), proofing that the carbo-
naceous layer is completely removed. During the process
in Figure la—c, porous carbonaceous carbon layer pro-
vides spaces for the metal oxide nanoparticles to form
without aggregation. During the removal of the carbo-
naceous layer, the metal oxide nanoparticles gradually
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Figure 2. (a) TEM image of SnO, hollow structure obtained after removal of carbon coated MWCNT template. The inset shows a typical SAED pattern,
which could be indexed to SnO,. (b) High resolution TEM image of part of (a).

reach the surface of the MWCNT core and stay there to
form MWCNTs@MO composite. Since the metal oxide
nanoparticles are well dispersed spatially in the carbona-
ceous layer, they are also well dispersed on the MWCNT
surface (Figure 1c).

When the MWCNT template is removed at 550 °C,
hollow structure consisting of SnO, nanoparticles are
formed with diameters of about 40 nm (Figure 2a). The
SnO, nanoparticles’ grain size was between 5 and 7 nm.
The diameter of the resulting SnO, nanotubular structure
is smaller than the MWCNTs template, which has a
diameter of about 60 nm. The SAED pattern (inset
Figure 2a) and the XRD pattern (Supporting Informa-
tion (SI) Figure S1 and JCPDS 41-1445) confirm that the
obtained SnO, hollow structure is rutile phase. HRTEM
image (Figure 2b) shows that the tube wall is composed of
SnO» nanocrystals with well-defined lattices with a spa-
cing 0of 0.33 nm from the (110) face of the rutile phase. The
wall is loose, as shown in Figure 2a and b, suggesting that
most SnO; nanocrystals can be accessed.

The TG-DTA curves of the Sn** loaded dual template
(carbonaceous carbon coated MWCNT) shows a three
step mass loss process (see SI Figure S2). The first weight
loss occurred at around 100 °C and is due to the loss of
adsorbed water. A broad peak from 200 to 400 °C is
caused by the combustion of amorphous carbonaceous
layer. Finally, the removal of MWCNTSs occurred from
about 450 to 650 °C. As indicated in the TG analysis,
carbon residues may still exist in the sample even after
700 °C calcination in air. However, the amount of the
weight loss after 550 °C is lower than 10%, thus we believe
the amount of the carbon residues after calcination at
550 °C for 6 h would be very small.

To highlight the role of the coated carbonaceous layer,
a controlled experiment was carried out using uncoated
MWCNT as single template to produce SnO, hollow
structure. Only few SnO, bulk crystals were found (see
SI, Figure S3). Uncoated MWCNTs surface is hydro-
phobic, thus aqueous solution of SnCl, can not stay on it.
The carbonaceous coating provides a hydrophilic space
for aqueous solution to be evenly loaded around the
MWCNT core.

Preparation of MWCNTs@ZrO,, MWCNTs@Fe,03
Nanocomposites and ZrQO,, CeO, Hollow Structure. This
approach was extended to fabricate other MW-
CNTs@MO nanocomposites and metal oxide hollow
structure.***” We found out that the chemical nature
of the metal oxide determines the outcome of this method.
In case of ZrO,, TEM images (SI Figure S4) shows that
MWCNTs@ZrO, composite as well as ZrO, nanotubu-
lar structures is formed with similar morphology to SnO,
product. After the heat treatment step to remove the
carbonaceous layer, ZrO, nanocrystal with the size of
about 3—5 nm were uniformly dispersed on the surface of
MWCNTs@ZrO, composite. ZrO, hollow structure is
consisted of ZrO, nanoparticles of both monoclinic and
cubic phases (SI Figure S5 and JCPDS 37-1484, 49-1642).
The HRTEM image (SI Figure S4d) shows two different
lattice space, 0.284 and 0.296 nm, corresponding to the
(111) face of the monoclinic phase and cubic phase,
respectively.

For Fe,03, a relative lower temperature (280 °C)
was used to fabricate the MWCNTs@Fe,O3 composite.
Figure 3a shows that the Fe,O5; nanoparticles were evenly
loaded on the MWCNT after the selective removal of the
carbonaceous template. However, no Fe,O; hollow
structure was obtained. Instead, Fe,O3; nanorods with
hematite phase (JCPDS 87-1164) were produced after the
high temperature removal of MWCNT template, as
shown in Figure 3b. Inset Figure bl and b2 further
confirms the single crystals structure of the iron oxide
nanorods with lattice space of 0.269 nm from (104) face,
and discrete dots in SAED from (104) and (021) face
diffraction. During the removal of MWCNTs template, it
is likely iron oxide nanocrystals are reduced to iron
nanodroplets, which readily merged to form rod like
structures along the MWCNT axis. The iron nanorods
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Figure 3. (a) TEM image of MWCNTs@ Fe,O3 nanocomposites. (b) SEM image of Fe,O3 nanorod, inset b; and b, shows the HRTEM and the SAED
pattern of part of the nanorod, respectively. (c) and (d) TEM image of CeO, hollow structure and HRTEM of part of (c).

are oxidized again to Fe,O3; when MWCNTSs are com-
pletely removed.

Things become interesting for CeO,; as only CeO,
hollow structure can be produced. We could not selec-
tively remove carbonaceous layer by heating at any
temperature. The dual templates are either combusted
together at relatively high temperatures or intact at lower
temperatures. CeO, is an excellent combustion catalyst,38
thus MWCNTs and carbonaceous coating are combusted
simultaneously. The obtained CeO, hollow structure is
consisted of nanoparticles with face-centered cubic struc-
ture (Figure 3c). The lattice space of 0.312 nm is observed
in HRTEM images for CeO, nanocrystals (Figure 3d),
corresponding to the (111) face of the face-centered cubic
structure (JCPDS 34-0394).

Electrochemical Application. We conducted a prelimin-
ary investigation using MWCNTs@SnO, as the anode
material of lithium-ion batteries. Its performance was
compared with that of commercial bare SnO, powder.
The nanotubular structure SnO, was not tested since the
grinding process during the preparation of anode materi-
al may destroy the hollow structure. The results were
illustrated in Figure 4. The commercial SnO, powder
shows a specific charge capacity of 838.4 mA h g~ ' in
the first cycle. After 45 cycles, however, its capacity
decreased dramatically and reached 148 mA h g~ !, which
was only 17.7% of its initial capacity. On the contrary, the
MWCNTs@SnO, composite electrode consisting of 25%

(38) Gonzalez-Rovira, L.; Sanchez-Amaya, J. M.; Lopez-Haro, M.; del
Rio, E.; Hungria, A. B.; Midgley, P.; Calvino, J. J.; Bernal, S;
Botana, F. J. Nano Lett. 2009, 9, 1395.
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Figure 4. Cycle performance of (a) MWCNTs@SnO,, and (b) commer-
cial SnO, at a rate of C/10.

SnO, shows a much improved cycling performance. The
specific charge capacity of the MWCNTs@SnO, compo-
site was 739.5mA h g~ ! in the first cycle and still as high as
464 mA h g~ ! after 45 cycles.

The poor cycling performance of bare SnO; is attrib-
uted to the huge volume variation during Li uptake/
release cycles, which causes structural damage of the
SnO, particles.**** For pure nanosized SnO, particles,
the problem may be released at the expense of successive

(39) Wen, Z.H.; Wang, Q.; Zhang, Q.; Li, J. H. Adv. Funct. Mater.2007,
17,2772.

(40) Derrien, G.; Hassoun, J.; Panero, S.; Scrosati, B. Adv. Mater. 2007,
19, 2336.
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agglomeration of the particles, which also leads to capa-
city fading. It has been reported that pinning nanosized
alloy particles on carbon sphere surface tightly is an
effective way to enhance the dimensional stability of
nanoalloy particles during cycling.*' In the case of
MWCNTs@SnO, composite, the much enhanced cycling
performance can be attributed to the highly dispersed
SnO» nanoparticles as well as the supporting material of
MWCNTs. While the former could more easily accom-
modate the volume changes and prevents the pulveriza-
tion of SnO,, the latter provide a similar pining effect as
those carbon spheres, which can effectively prevents the
electrochemical aggregation of SnO, nanoparticles dur-
ing electrochemical cycles. In addition, the MWCNTs in
the composite enhance the electron conductivity of the
whole electrode and reduce the ohmic loss among active
particles.

Sensor Application. The unique hollow structure mor-
phology of the SnO» is desirable in surface-related appli-
cations, such as gas sensor.*>** The small grain size (5—
7 nm) and tubular structure would allow full contact
between SnO» surface and gas molecules, and fast diffu-
sion of target gas on the sensing materials. The sensitivity
of the obtained SnO, hollow structure against hydrogen
was investigated and shown in Figure 5(a). The gas
sensitivity, S, is calculated from Ro/R, where Ry and R
are the electrical resistances for the sensor in air and in
sensing gas.?® The sensitivity increases from 1.82 to 3.34
when the hydrogen gas concentration is increased from 10
to 50 ppm at 380 °C. Comparison between SnO, hollow
structures and commercial SnO, are provided in
Figure 5a, which shows that the response from hollow
structures is larger. More importantly, the signal drifting
is much smaller from hollow structure than from com-
mercial SnO,. Signal drifting is one of the issues for gas
sensor. Better performance from hollow structure is likely
due to fast and full recovery of the sensing material when
hydrogen flow is cut off. The response time and recovery
time of the sensing material is an important feature.** The
results reveled in Figure 5(b) indicates that the response
time and recovery timeis as shortas 24 s (7)) and 27 s (71>»),
respectively, implying that SnO, hollow structure was a
promising nanomaterial in fabricating quick response
and recovery gas sensor.

Conclusion

In conclusion, we developed a programmed dual tem-
plate method to fabricate a series of MWCNTs@MO
nanocomposites, including MWCNTs@SnO,, MWC-
NTs@ZrO,, MWCNTs@Fe,05, and metal oxide hollow
structure including SnO,, CeO,. The metal oxide nano-
crystals are highly dispersed and stable on the MWCNTs
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Figure 5. (a) Typical response curves of hydrogen with increasing con-
centrations (10—50 ppm) at different working temperature. Ry and R
represent the electrical resistances for the sensor in air and in sensing gas.
(b) Partly magnified response curves of SnO, hollow nanostructure
operated at 380 °C in a concentration of 10 ppm.

surface. The dual template is consisted of a MWCNTs
core and a carbonaceous coating layer. The outside
carbonaceous layer provides hydrophilic space and affi-
nity for inorganic metal oxide precursors. The MWCNTs
provides the structural supports during the whole proce-
dure before they were removed. MWCNTs@SnO, and
SnO, hollow structure were tested. MWCNTs@SnO,
shows excellent cycling performance in lithium ion bat-
tery and SnO» hollow structure has high sensitivity, fast
response and recovery rate in hydrogen sensing.
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