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Abstract

In this study, magnetron sputtering technique for synthesis of ZnO-CNT nanocomposites,
which consist of highly dispersed 2.90-7.47 nm ZnO nanocrystals on the surface of
buckypapers produced via simple vacuum infiltration techniques by using multiwalled carbon
nanotubes (CNTSs). As anode materials for Li-ion batteries, the nanocomposites showed high
rate capability and superior cycling stability with specific capacity of 760 mAh g™* for up to
100 cycles. The CNTs served as electron conductors and volume buffers in the
nanocomposites.

1 Introduction

Semiconductor metal oxides are well known potential alternative to carbonaceous materials as
anode materials of commercial lithium ion batteries and they have higher reversible capacities
even at high current densities. The most popular oxides are tin and tin-based composite oxide
and alloys, transition metal oxides such as iron, cobalt, nickel and copper oxides and zinc
oxide. Among the above oxides, zinc oxide has so many advantages such as easy to prepare,
low cost and chemically stable [1-4]. As an anode material in lithium ion batteries, ZnO has a
theoretical capacity of 978 mAh g™* while carbonaceous anode materials have 372 mAh g [5-
7]. However, it is rarely investigated in the lithium ion batteries due to the severe capacity
fade upon cycling even at low densities and may drop down to 200 mAh g™ after a few
cycles. The main reason is that the ZnO material has low electrical conductivity and the
electrodes made of ZnO material often suffers the loss of electrical contact with the current
collector due to high volumetric expansion during intercalation process with lithium ions
(volumetric expansion is up to > 300%) [8,9]. To overcome this problem, many researchers
are focusing on synthesis of metal oxide nanoparticles, which are able to better accommodate
the mechanical stress experienced during volume changes [10]. Another approach is the use
of carbon as matrix support on which metal oxide nanoparticles are attached [11]. Among
various kinds of carbon materials, the carbon nanotube is attractive due to its high electrical
conductivity, high aspect ratio, remarkable thermal conductivity, and good mechanical
properties, which can improve the electrode’s reversible capacity and rate capability [12].
Using CNTs as reinforcing elements as in the form of buckypapers seems to be a good
solution for lithium ion batteries. A recent approach to involves initially forming macroscopic
free standing porous sheets or entangled nanotubes called buckypapers and then
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manufacturing the buckypaper composite through infiltrating metal oxides into the
buckypaper pores made of multiwall carbon nanotubes (MWCNTS).

In this study, carbon nanotube thin sheets — buckypapers — were prepared from multi-walled
carbon nanotubes oxidised with different oxidation agents. Buckypapers were then coated
with magnetron sputtering route for the synthesis of ZnO-CNT nanocomposites, which
consist of highly dispersed ZnO nanocrystals with diameters of 2.90-7.47 nm that are
deposited on the outer surface of CNTs. The surface morphology, phase composition and
electrochemical efficiencies were studied in detail.

2 Experimental Details

2.1 Electrode fabrication procedures

The MWCNT employed in this work was supplied by Arry International (Germany). The
nanotubes were synthesized by catalytic carbon vapour deposition (CCVD) and had a purity
of around 80%. The CNT diameter ranged between 10 and 20 nm. Purification and chemical
oxidation of MWCNTSs was carried out with different oxidation agents supplied by Aldrich. 1
g of the as-received MWCNTSs were dispersed in 25 ml of the nitric acid (65 wt%) in a 100 ml
round bottom flask equipped with a condenser and the dispersion was refluxed under
magnetic stirring for 48 h. After that, the resulting dispersion was diluted in water and
filtered. The resulting solid was washed up to neutral pH, and the sample was dried in vacuum
at 40 °C overnight. Concerning the fabrication of MWCNT buckypapers, stable aqueous CNT
suspensions at a concentration of 1mg/ml were prepared by tip sonication for 60 min. These
dispersions were then vacuum filtered through polycarbonate membrane filters 0f450 nm pore
size. After drying at room temperature in a vacuum oven for 24 h the CNT films were peeled
off from the filtration membrane. The average thickness of the produced buckypapers is
approximately 200 um and their diameter about 16 mm.

ZnO thin films were deposited by RF magnetron sputtering using a sintered ZnO target (2
inch, 99.99%, Kurt Lesker Company). The sputtering chamber was evacuated to 4x10™ Pa
using a turbomolecular pump prior to the introduction of the Ar—O, gas mixture. The total
working pressure, the oxygen content and the RF input power was, 0.55 Pa, 0-10% and the
100 W, respectively. The distance between the ZnO target and the buckypaper substrate and
the substrate temperature were maintained at 13 cm and 25 °C, respectively.

2.2 Characterization

The phase structures of the deposited films were investigated by X-ray diffraction (XRD)
(Rigaku D/MAX 2000 with thin film attachment) with Cu K, radiation. The grain size of the
thin films was calculated from the Scherrer's formula [13];

~ 094
BCosé (1)

where D is the mean grain size, A is the X-ray wavelength, B is the corrected full-width at half
maximum (FWHM) and 0 is the Bragg angle.

The morphology was observed by scanning electron microscopy (JSM-6060 LV system).
Coin-type (CR2016) test cells were assembled in an argon-filled glove box, directly using the
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ZnO coated CNT buckypapers as the working electrode, a lithium metal foil as the counter
electrode, a micro porous polypropylene (PP) membrane (Cellgard 2400) as the separator, and
1M solution of LiPFg in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by
weight) as the electrolyte. The cells were aged for 12h before measurements. The cells were
cyclically tested on a MTI Model BST8-MA electrochemical analyzer using different current
densities over a voltage range of 1-3V.

3. Results and Discussion

3.1 XRD analysis

XRD patterns for the as-produced buckypaper and ZnO thin films deposited under various
oxygen partial pressures are depicted in Fig. 1. All reflexes were assigned to Carbon (JCPDS
026-1080) and hexagonal zinc oxide (JCPDS-36-1451). As the oxygen partial pressure
increases to 10%, the intensity of ZnO (002) peak increases remarkably and the (103) peak
disappears. Higher oxygen partial pressure provides more energy to enhance mobility of the
deposition atoms, which improves the crystal quality of the films. As the oxygen partial
pressure further increases, the films exhibit only (002) peak, indicating that the films are
highly oriented with c-axis perpendicular to the substrates.
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Figure 1. XRD paterns of produced MWCNT based buckypaper and ZnO coatings at various oxygen partial
pressures.
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Figure 2. FWHM and crystal size for the ZnO thin films as a function of oxygen partial pressure.
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3.2 SEM analysis
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Figure 4. SEM images of the films deposited under (a) 0%, (b) 5% and (c) 10% oxygen
partial pressures.

Buckypapers prepared by vacuum filtration of well-dispersed CNT aqueous suspensions were
found to be uniform, smooth and crack-free disks exhibiting significant structural integrity, as
confirmed by SEM images (Fig. 3). The produced thin films consist of randomly
interconnected CNTs forming a porous structure as it is apparent from Fig. 3a. The SEM
image of a cross-section of a representative sheet (Fig. 3b) indicates an almost homogeneous
CNT deposition through the thickness giving rise to a dense morphology. For comparison,
Fig. 4 shows an SEM image of the ZnO-CNT nanocomposite, in which ZnO is considered to
be selectively nucleated and uniformly deposited on the surface of CNTs by the magnetron
sputtering process. No obvious separated ZnO bulk particles are evident apart from those
deposited on CNTs. The CNTs coated with ZnO are entangled and interconnected to form a
uniform network with a three-dimensional structure.
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3.3 Electrochemical analysis

The discharge—charge profiles of ZnO thin films are illustrated in Fig. 5. The CNT:ZnO nano
composite electrode delivers an initial discharge capacity of 1461 mAh g', while 100" cycle
discharge capacity is close to 760 mAh g~ for the films deposited under 0% oxygen partial
pressure. It is interesting to find that the ZnO:CNT nano composites exhibit much higher
lithium storage capability than the bulk ZnO. Such enhancement of capacity is due to the
large surface area and short diffusion distance offered by the nanorod arrays. It is reasonable
that the large surface area of the ZnO:CNT nano composites provide sufficient space for
lithium storage, including lithium—zinc alloy formation, the growth of the organic-like-layer
[14] as well as interfacial interaction toward lithium [15].
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Figure 5. Voltage - Discharge Capacity graphics of the films deposited under (a) 0% Oxygen,
(b) 5% Oxygen and (c) 10% Oxygen partial pressures.
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All of the fresh-prepared cells made from ZnO:CNT nano composites were cycled at the
current density of 0.2 mAdm™ to investigate their cyclabilities, and the results are shown in
Fig. 6. Compared with the films deposited under varius oxygen partial pressure, the cells
deliver low discharge and charge capacities at this higher current density. It can be seen that
the capacities drop slowly in the first 80 cycles, and then maintain at about 760 mAhg ™', 723
mAhg ™' and 654 mAhg™" up to 100 cycles with no significant fading for the films deposited
under 0%, 5% and 10% oxygen partial pressures, respectively. Obviously, the cycling
performance of the Zno:CNT nano composites are much better than the commercial ZnO
powders. It is reported that many unmodified ZnO material’s capacities often drop very
quickly upon cycling even at low current densities [16].
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Figure 5. Voltage - Discharge Capacity graphics of the films deposited under (a) 0% Oxygen,
(b) 5% Oxygen and (c) 10% Oxygen partial pressures.

4. Conclusions

In summary, a ZnO-CNT nanocomposite was successfully synthesized by magnetron
sputtering techniques onto as-produced MWCNT based freestanding electrodes also known as
buckypapers. The highly dispersed ZnO nanocrystals with crystal size of 2.90-7.47 nm were
uniformly deposited onto the surface of CNT based buckypapers. As anode material for Li-
ion battery, the nanocomposites presented a superior cycling stability up to 100 cycles with a
capacity of 760 mAh g'. Such good stability was ascribed to the strong adhesion of ZnO
nanocrystals on the CNT support, which has high electronic conductivity and possesses good
flexibility. The strategy presented in this paper could be extended to the synthesis of other
metal oxide (e.g., MnOy, FeO, CoOy, TiO,, and SnO,) composites with different carbon
materials.
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