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One-dimensional (1D) MoO; nanorods were prepared by thermal decomposition of tetrabutylammonium
hexamolybdate (((C4Hg)4N)>Mo0g019) in an inert atmosphere. The synthesized nanorods have been char-
acterized by XRD, TEM and HRTEM. The capacitive behaviour of 1D MoO, nanorods was studied by gal-
vanostatic charge-discharge studies in 1 M H,SO,4 solution at different current densities. The results
indicate that the MoO, nanorods show good capacitive behaviour with a specific capacitance of 140 Fg~1.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical capacitors are energy storage devices that exhi-
bit high power density, excellent pulse charge-discharge proper-
ties and long cycle life [1]. They are promising power sources for
portable systems and automotive applications [2]. The most widely
investigated metal oxide for pseudocapacitors is unequivocally
ruthenium oxide, which displays a fairly high specific capacitance
[3,4]. However, the high cost of RuO, has prompted the search for
other transition metal oxides such as MnO,, NiO,, MoOs3, C030;,,
Fe304 and V,05 [5-8]. Recent reviews have shown that the next
progressive step to achieve high specific capacitances will be to de-
sign nanostructures of pseudocapacitive materials such as oxides,
nitrides and carbides [9,10]. By doing so, the electrode/electrolyte
contact area can be increased as charge is stored in the first few
nanometers from the surface. Consequently, it is possible to max-
imize the contribution of the active material to capacitance. Fur-
ther, nanostructured electrodes provide improved power delivery
and increased cycling stability. Among the various nanomaterials,
the 1D nanostructures such as nanorods, nanotubes and nanowires
possess great potential of addressing space-confined transport
phenomena as well as applications [11]. In particular, one-dimen-
sional nanomaterials of metal oxides were proved to be efficient in
electrochemical capacitors, batteries and fuel cells [12-14].

Herein we have employed 1D MoO, nanorods as electrodes for
electrochemical capacitors. Molybdenum oxides (MoO, and MoOs)
have significant uses in energy related devices such as fuel cells
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and lithium batteries [15-17]. Reports are available on the applica-
tion of poly(3,4-ethylenedioxythiophene)-MoO3; nanocomposites,
MoOs nanowires, MoO3 supported on activated carbon or glassy
carbon materials as electrodes for supercapacitors [18-22]. How-
ever, the application of MoO, nanorods as supercapacitor electrode
materials is not yet studied. Due to their low cost and good elec-
tronic conductivity, MoO, can also constitute a good electrode
material for supercapacitors. There are several methods for the
preparation of 1D nanomaterials of molybdenum oxides such as
electrodeposition, thermal evaporation, hydrothermal, template
assisted and direct oxidation of molybdenum [23-31]. Recently,
we have developed a method for the synthesis of WO5; nanorods
by the thermal decomposition of tetrabutylammonium decatung-
state. The synthesized nanorods were proved efficient for electro-
chemical methanol oxidation and hydrogen evolution reactions
[32,33]. This has inspired us to follow the same strategy for the
synthesis of molybdenum oxide nanorods and their application to-
wards electrochemical energy storage. In this paper, we report the
synthesis of 1D MoO, nanorods by thermal decomposition of tetra-
butylammonium hexamolybdate (((C4Hg)4N),Mo0gO19). The elec-
trochemical performance of MoO, nanorods for supercapacitors
was investigated by galvanostatic charge-discharge method.

2. Experimental
2.1. Synthesis of MoO, nanorods
Tetrabutylammonium hexamolybdate (((C4Hg)4N)>,Mo0gO19), the

precursor compound for the preparation of MoO, nanorods was
prepared according to the method described by Che et al. [34]. In
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a typical procedure, acetic anhydride was added to sodium molyb-
date stirred in dimethyl formamide, followed by acidification with
concentrated hydrochloric acid. The hot solution was filtered and
the yellow filtrate was precipitated with a solution of tetrabutyl-
ammonium bromide in dimethylformamide. The salt obtained
was filtered, washed with ethanol and ether, and finally recrystal-
lized from acetone. The resultant precursor was taken in a quartz
boat and introduced inside a tubular furnace and heated at
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Fig. 1. Thermogravimetric analysis (TGA) of ((C4Hg)4N),Mo0g019 in N, atmosphere.
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600 °C at a heating rate of 25°C/min under N, atmosphere for
3 h. This was followed by gradual cooling to room temperature
to obtain the MoO, nanorods.

2.2. Characterization of MoO, nanorods

X-ray diffraction (XRD) patterns were obtained by a powder dif-
fractometer (SHIMADZU XD-D1) using a Ni-filtered CuKo X-ray
radiation source. Transmission electron microscopy (TEM) and en-
ergy dispersive X-ray analysis (EDAX) were performed on a Philips
CM12/STEM instrument. High-resolution transmission electron
microscopy (HRTEM) was carried out on a JEOL 3010.

2.3. Electrochemical measurement and electrode preparation

A three electrode cell consisting of the glassy carbon as working
electrode (0.07 cm?), Pt wire and Ag/AgCl (satd. KCI) electrodes as
counter and reference electrodes, respectively, were used. Galva-
nostatic charge-discharge studies were performed using a
CHIG60A potentiostat/galvanostat. The working electrodes for elec-
trochemical measurements were fabricated by dispersing 5 mg of
the catalyst in 100 pl of deionized water by ultrasonication for
20 min. From this dispersion 10 pl has been taken and placed on
a glassy carbon electrode. The solvent was slowly evaporated by
placing the electrode in an oven at 70 °C. Nafion solution (5 pl)
has been coated on the electrode as a binder and dried at room
temperature. H,SO4 (1.0 M) was used as the electrolyte. The elec-
trolyte solution was deaerated with high purity N, (99.99%) for
30 min before the electrochemical measurements.
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Fig. 2. (a) X-ray diffraction pattern (XRD), (b) TEM, (c) HRTEM and (d) EDAX of as synthesized MoO, nanorods.



574 J. Rajeswari et al./Electrochemistry Communications 11 (2009) 572-575

3. Results and discussion

Thermogravimetric analysis of ((C4Hg)4N);MogO19 from 0 to
600 °C under N, atmosphere is shown in Fig. 1. An initial loss of
35% (observed from TGA, Fig. 1) from 300 to 410 °C correspond
to the removal of two tetrabutylammonium [BusN]* groups (theo-
retically, 35.5%). An additional loss of about 7.5% was observed be-
tween 410 and 550 °C due to the decomposition of the Mo 0%;. The
remaining mass, 57.5% corresponds to 6MoO, (theoretically,
56.2%).

X-ray diffraction measurements confirmed that molybdenum
oxide (MoO,) are obtained by the thermal decomposition of
((C4Hg)4N)>;M0g019 at 600 °C under N, atmosphere. As shown in
Fig. 2a, all diffraction peaks were indexed undisputedly to mono-
clinic MoO,, as confirmed from the reported data [JCPDS no. 76-
1807]. The TEM image of the as synthesized MoO, (Fig. 2b) shows
nanorods having dimensions varying in the ranges of 1-3 um and
50-80 nm of length and width, respectively. Further, the HRTEM
image analysis showed the lattice fringes of the as synthesized
nanorods (Fig. 2c¢). The calculated space between the fringes was
about 0.17 nm and it corresponds to the interplanar spacing of
(022) planes of monoclinic MoO,. This observation is in agreement
with the XRD result (JCPDS no. 76-1807). The EDAX (Fig. 2d) result
confirmed the presence of respective constituent elements in MoO,
nanorods. Thus the findings indicate that the as synthesized mate-
rials are nanosized one-dimensional molybdenum oxide materials.

Fig. 3 shows the galvanostatic charge-discharge curves of MoO,
nanorods in 1.0 M H,SO4 electrolyte in the potential range between
—0.3 and +0.4 V at different current densities. The specific capaci-
tance has been calculated from the Eq. (1).

iAt
AV (1
where i (mA cm™2) is the current density used for charge/discharge,
At (s) is the time elapsed for the discharge cycle, m is the weight of
the active electrode and AV is the voltage interval of the discharge.
The specific capacitances calculated from each discharge curve in
Fig. 3 were 140, 115 and 30 Fg~! at 1, 3 and 5 mA cm ™2, respec-
tively. At low current densities, due to the low ohmic drop, the in-
ner active sites or the pores of the electrode can be fully accessed;
hence high specific capacitance values can be achieved [35]. De-
crease in capacitance value with increasing current density has also
been attributed to the slow rate of redox reactions [36]. The ob-
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Fig. 3. Galvanostatic charge-discharge curves of MoO, nanorods in 1 M H,SO4 at
1 mA cm 2 (solid line), 3 mA cm 2 (dotted line) and 5 mA cm 2 (dashed line).
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Fig. 4. Dependence of specific capacitance of MoO, nanorods on the number of

cycles at a current density of 1 mA cm™2,

served specific capacitance values for the MoO, nanorods are higher
than the values reported for some inexpensive oxides such as NiO
[5], Co304 [6] and SnO, [37]. In the present study, the pseudocapac-
itance of MoO, is based on the redox process that takes place in the
redox transition Mo*" — Mo®" [15]. Asymmetric hybrid capacitors
are receiving attraction as they are aimed to provide both high en-
ergy as well as power density. In an asymmetric hybrid capacitor,
different materials with different operating potentials as positive
and negative electrodes are employed to obtain a large electro-
chemical window and high specific energy density [38]. Hybrid
electrochemical capacitors employ positive electrode with electro-
active materials having large positive cutoff potential and negative
electrode with electroactive materials having high hydrogen over-
potential [39]. MoO, nanorods were observed to show hydrogen
evolution at potentials more negative than —0.4 V vs. Ag/AgCl. Also,
the redox transition Mo**— Mo®" in MoO, occurs in the potential at
around 0.2 V vs. Ag/AgCl. Hence the charge-discharge studies were
performed in the potential range between —0.3 and +0.4 V vs. Ag/
AgCl (satd. KCl). The electrochemical studies suggest that MoO,
nanorods can be potential negative electrodes for asymmetric hy-
brid electrochemical capacitors.

The charge-discharge studies were performed at constant cur-
rent density of 1 mA cm~2 and the variation of specific capacitance
for 50 cycles is shown in Fig. 4. The electrode exhibited good
reversibility with cycling efficiency of 86% after 50 cycles.

4. Conclusions

A simple and easy method based on thermal decomposition was
adopted to fabricate 1-D nanorods of MoO,. The as synthesized
MoO; nanorods exhibited a significant value of specific capacitance
which can be attributed to the unique electrochemical properties
of one dimensional nanorods. The ability of MoO, to exhibit capac-
itive behaviour in the negative potential region makes the material
a possible negative electrode for asymmetric hybrid electrochemi-
cal capacitors. This study on capacitive behaviour of MoO, nano-
rods suggests the possibility of considering them as alternates for
the high cost RuO, electrodes.
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