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The MS nanotubes (M= Mo, W),*~2 which are analogous to
pure carbon nanotubésye considered to stem from lamellar (2D)
compound$.Tenne et at2first reported the production of macro-
scopic quantities of fullerene-like Mg$anotubes by the gas-
phase reaction between MgQand HS in a reducing atmosphere
at elevated temperatures (80850°C). Subsequently, they have
extensively studied the reaction mechanisms associated with
particle formatiorf® Dorhout et al® used a relatively low
temperature<{400°C) for the annealing of the molybdenum thio- j
molybdate within an alumina template, and consequently they ;f Fiky
obtained Mo$ nanotubes with some poor crystallinity. In com- //;";” :
parison, Rao’s grodpemployed a high-temperature {300°C) (ﬁ /;{‘f ff i
annealing process, and accordingly the crystallinity of their Figure 1. SEM images of Mog (a) polycrystalites, (b) alkaline-treated
nanotubes was appreciably better. Thus, either high or low temp- nanotube (the untreated one is similar and not shown), (c) one tip of the
erature with a complicated process is needed to prepare; MoS nanotube. (d) A TEM image of the nanotube with its (e) electron
nanotubes. On the other hand, since polycrystalline Mo8Im diffraction pattern and (f) high-resolution analysis; EDS of the sample
or bulk form has shown potential as a hydrosulfurization catélyst surface shows the atomic ratio of Mo:S is 0.5.
or battery materidf and, furthermore, since nanotube structures was prepared as described previou8lyas first pretreated by
such as SWCNs or MWCNs are being encouraged for possible ball-milling under a hydrogen atmosphere foh to “activate”
use as supercapacitétand in electrode charging/dischargitty,  the fine powders, transferred onto an alumina substrate, and
here we report on an improved synthesis of Mo&notubes and  sintered in a floating hydrogen/thiophene at a relatively low
their first studies in electrochemical hydrogen storage. It was temperature of 400C for 1 h. This material provided sample
found that the cyclic voltammetric (CV) response exhibited good The same powder was treated lwii M KOH solution at 5¢°C
electrochemical activity, and a discharge capacity of 260 mAh/g for 1 h, rinsed with distilled water, and vacuum-dried at°&D
was measured at 50 mA/g and 20. for 1 h to supply sample2. By contrast, sample8 was a

The Mo$ nanotubes were synthesized by direct reaction of commercially available MoSpowder €30 um) (Wako Pure
(NH4)2M0S, and hydrogen. Polycrystalline (N}4MoS,, which Chemicals, Japan). SEM observations show that saBiesists
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t AIST. characterized by a large quantity of wirelike nanostructures with

#Nankai University. typical lengths of several hundreds of nanometers (Figure 1b).
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T T T T Table 1. Comparison of Electrode Properties of Three MoS

Samples
] discharge capacities
(mAh/g) at high-rate of dischargeability
04)2
1 electrode 50 100 200 (MA/g) CaodCoo (%)
samplel 240 199 123 51.2
sample2 260 225 178 68.5

i sample3 62 10 -

aCy0 and Go are the discharge capacities at discharge current
densities of 200 and 50 mA/g, respectively.
only 62 mAh/g, whereas sampldsand 2 have much higher
capacities (246260 mAh/g). This indicates that the electrode
kinetics is improved significantly by using nanoporous Mo&
the same time, Table 1 also summarizes the effect of various
12 10 08 06  -04 discharge current densities on discharge capacities. The high rate

E vs. Hg/HgO (V) of dischargeability is in thfe order of sampke> samplel >

i ) B ) sample 3. Because diffusion processes are so important in
Figure 2. Cyclic voltammograms of Ni-foam electrodes with three MoS batteries, electrodes that are made of nanostructured, s
samples. Sample: unireated nanotube; Samifle 5 M KOH treated have improved charge/discharge rates, especially at high rates.
nanotube; Sampl8: polycrystaliine powder. Scan rate, 20 mvis. After a preliminary test of 30 consecutive cycles of charging and
discharging (100% DOD at 150 mA/g), the capacity of electrode

Scheme 1 . Red Diff 2 decreased by only about 2%. Therefore, the nanotube incorpora-
H,0 + Ni/MoS, +¢ 5 Ni/H,,/MoS,+ OH —— tion has a significant effect in improving the electrode perfor-
) X Diff. mance, which results from the advantage of a larger SSA.
Ni/H,,/MoS, + OH Another interesting finding is that the electrodes with MoS

nanotubes have higher discharge voltages than that of the poly-
crystalline electrode. Moreover, several slopes, which are similar
to those of carbon nanotube electrodegjere observed in the
&harge/discharge curves, indicating the existence of different ad-
Sorption/absorption sites as well as formation of possible hydrated
intermediate phase&$The sorption of hydrogen into the bulk of
MoS; is a more complicated phenomenBis The present results
suggest that the amount of hydrogen on Mp&notubes, obtained

by the electrochemical method, is the highest among those
reported in the literatu?é and that it is strongly dependent on
the specific surface areas. Itis likely that the alkaline-treated nano-
tubes exhibit a higher degree of disorder with more defect sites,
which can result in relatively low energies of hydrogen adsorption
on the surface (both outside and inside the tube) and interstitial
sites. We believe that a physicochemical interaction is responsible
for the high hydrogen adsorption of Mg8anotubes. However,
more research is still needed to understand the precise nature of
the interaction between hydrogen and Mafanotubes.

In summary, we have demonstrated that Ma&hotubes, which
were synthesized by directly heating (§kMoS, in hydrogen/
thiophene, can be electrochemically charged and discharged with
the highest capacity of 260 mAh/g (corresponding to the formula

with 10 mg of Teflon acetylene black powdet 1.0 um) in a
slurry, pasted on to a nickel foam matrix, and then dried and
pressed to construct a working electrode. The electrochemical
characteristics of the electrodes were measured by using a sintere
Ni(OH)./NiOOH counter electrode (about 1000 mAh) and a Hg/
HgO reference electroda 5 M KOH solution at 20°C. Figure

2 shows the cyclic voltammetric (CV) curves for the first
hydrogen reduction (adsorption) and oxidation (desorption).
Similarly shaped voltammograms were also obtained for the
coming five-potential cycling. An interpretation of this figure
follows. First, when the electrode were scanned cathodically, a
cathodic peak appeared with the peak position@B55 V vsHg/
HgO, which was attributed to hydrogen reduction on the Ni/MoS
site; During the following anodic polarization, an anodic peak
was observed at0.645 V versus Hg/HgO and was assigned to
the hydrogen oxidation. Second, the values of peak currents of
hydrogen reduction/oxidation for Mg$ianotubes, reminiscent

of those for carbon nanotubes reported eafigrere much higher
than that of the polycrystalline Me®lectrode, illustrating very
good electrochemical activity of the Mgp®&anotube electrodes.
Third, the peak similarity between the hydrogen reduction and

oxidation indicates that the electrochemical hydrogen adsorptlon/of Hi eM0S,, 0.97 wt % hydrogen) at 50 mA/g and 2G. It is

desorption proceeds reversibly and that this is a desirable S S I=
characteristic for electrodes in rechargeable batteries. Forth, thethouqht that this high capacity is due to the enhanced electro-

sensitive to SSA, and they increase as the SSA increases

. - higher specific surface areas are responsible for the improved
Consequently, it appears that the electrochemical charge - . ; .
discharge mechanism occurring in Maganotubes is somewhere hydrogen adsorption/desorption behavior. Their further study may

between the carbon nanotubes (physical process) and metarind wide applications in areas such as electrochemical catalysis
iy P and high-energy batteries.
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