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Abstract Molybdenum trioxide (MoO;) has attracted
considerable attention due to their typical two-dimensional
layered structure consisting of double layers of edge- and
vertex-sharing MoOg octahedral being weakly held together
by van der Waals bonds. These MoO5 nanostructures and
their polymer composites are currently drawing interest for
the potential applications of Li batteries, supercapacitors,
and other electrochemical as well as electrochromic display
devices. In this paper, we report the synthesis of MoO;
nanobelts and polyethylene glycol (PEG) surfactant MoO;
nanobelts by hydrothermal method. Structure and morphol-
ogy of the samples were investigated by X-ray diffraction,
Fourier transform spectroscopy, scanning electron micros-
copy, and transmission electron microscopy (TEM). The
pure MoO5 nanobelts show an initial specific capacity of
275 mAh g ', whereas the 0.5 mol% PEG surfactant MoO;
nanobelts show 307 mAh g™ ' at constant current density of
30.7 mA g ' with the 1.0-3.0 V vs. Li/Li" potential range.
It was found that PEG surfactant MoO3; nanobelts show not
only a high initial specific capacity but also show better
cyclic performance compared with that of pure MoO;
nanobelts. The PEG surfactant MoOs nanobelts show
stability and improvement of the specific capacity due to
decreasing the length, width, and thickness of the nanobelts
by surface reaction. Electrochemical impedance spectroscopy
reveals that the PEG surfactant MoO5 nanobelts exhibit low
electrode resistance compared with pure MoO; nanobelts.
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Introduction

In recent years, conducting polymeric nanocomposites have
attracted much attention because of their unique and novel
properties and a wide variety of potential applications [1].
Nanobelts or nanoribbons, particularly semiconducting
materials, have recently attracted considerable attention as
a new group of quasi-one-dimensional (1D) nanostructures
owing to their special characteristics, which differ from
those of nanowires and nanotubes [2, 3]. The single
crystalline nature and in particular their large aspect ratio
as well as the faceting nature of these nanobelts make them
ideal candidates for probing size-and dimensionality-
dependent physical or chemical phenomena for applications
of nanodevices [4]. Advances in the chemistry of insertion
materials have been very important for the development of
rechargeable lithium batteries, allowing the obtainment of
electrodes with a high energy density and specific capacity.
Some of the host matrices consist of transition metal oxides
that enable easy access of lithium ions into their network
[5]. A material of particular interest is MoOs, which is a
layered n-type semiconductor with various advanced
applications as catalysts [6], gas sensors [7], batteries [8],
lubricants [9], memory materials [10], and electrochromic
devices [11, 12]. Hence, molybdenum oxide in the form of
micro- and nanostructures are promising candidates for
electronic and optoelectronic microdevices.

To date, various preparation methods of nanostructured
MoO, and their corresponding electrochemical performance
have been reported. Among these methods are o-MoO;
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Fig. 1 X-ray diffraction patterns of MoOs nanobelts and PEG surfactant
MoOj; nanobelts

micro-rods by vapor-transportation method [13], the carbon/
MoO, composite using tri-block copolymer as a structure
directing agent and carbon source [14], MoO3 nanobelts
by hydrothermal reaction [15], utilizing poly(ethylene
glycol) (PEG) [16], MoO5; nanoparticles by hot-wire
chemical vapor deposition [17, 18], tremella-like MoO,
by hydrothermal reduction [19], the fissile MoO, by
hydrothermal reaction [20, 21], the porous spherical
MoO, by rheological phase reaction [21], MoO, by
reduction of MoO; with ethanol vapor [22], etc. Compar-
atively less attention has been focused on solution-based
chemical routes to oxide nanobelts through reactions in
solution, which have the advantage of better uniformity
and instrumental simplicity [4, 23, 24].

In this work, we report the synthesis of molybdenum
trioxide nanobelts by a simple hydrothermal method. The
morphology of MoOj; nanobelts is affected with the
addition of PEG. It is expected that the layered structures
can also form this kind of belt-like morphology if the
reaction conditions are properly controlled, which opens up
opportunities for both fundamental studies and nanodevice
application of lithium batteries.

Experimental
Synthesis of PEG surfactant MoO3 nanobelts

First, MoO; nanobelts were synthesized by simple hydro-
thermal method without using any surfactant. The MoOj sols
were prepared by the ion exchange of (NH4)sMo0,0,4-4H,0
(=99.0%) through a proton exchange resin, and the clear
light-blue MoOj; sols (final pH ~2.0) were obtained. Then,
PEG was added to MoOj; sols in the proportion of
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(PEG),Mo0O; (x=0, 0.25, 0.5, 1.0) to form the mixed sols.
Finally, the mixed sols were directly added into a Teflon-lined
autoclave and kept at 180°C for 48 h. After the hydrothermal
reaction, the samples were washed with distilled water and
ethanol then dried at 80°C for 12 h. It is worthy to note
that the color of pure MoO3; nanomaterials is light blue, and
that of PEG surfactant MoO; nanomaterials becomes dark
blue because Mo®" ions are partially reduced to Mo>" to
form PEG surfactant MoO3 nanobelts [25].

Preparation of Li batteries

Electrochemical batteries were assembled in a dry glove box
filled with an argon gas using lithium pellets as negative
electrode, 1 M solution of LiPFg in ethylene carbon/dimethyl
carbonate as electrolyte and pellets made from the obtained
products, and acetylene black and PTFE in a 6:4:1 ratio as
the positive electrode.

Characterization

The X-ray powder diffraction (XRD) measurement was
performed on a D/MAX-III X-ray diffractrometer with Cu—
Ko (A=1.5418A) radiation and graphite monochromator.
Fourier-transform infrared (FTIR) absorption spectra were
recorded using a 60-SXB IR spectrometer with a resolution of
4 cm . The measurements were taken over a wave number
range of 400-4,000 cm '. Scanning electron microscopy
(SEM) images were obtained using a JSM-5610LV scanning
electron microscope at 20 kV. Transmission electron micros-
copy (TEM) images were taken in a JEOL JEM-2010 FEF
microscope operated at 200 kV. Cyclic voltammograms
were measured with a scan rate of 0.5 mV s ' at 1.5-3.5 V
vs. Li/Li" potential range, and electrochemical impedance
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Fig. 2 FTIR spectra of MoOj3 nanobelts and 0.5 mol% PEG surfactant
MoO; nanobelts
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Fig. 3 SEM images of a MoO; nanobelts, b 0.25 mol% PEG surfactant MoO; nanobelts, and ¢ 0.5 mol% PEG surfactant MoOj; nanobelts

spectroscopy was investigated at different potentials by
Autolab (Eco Chemie) model PGATAT30 (GPES/FRA)
system. The discharge characteristics were analyzed by
Battery Testing System (BTS-5V/5mA) which operated at a
constant current density of 30.7 mA g ' with 1.0-3.0 V vs.
Li/Li" potential range.

Results and discussion
X-ray diffraction

Figure 1 shows the X-ray diffraction patterns of pure MoOj3
nanobelts and different mol% PEG surfactant MoO3 nano-
belts. From the XRD patterns, the phase composition of the
pure MoO; and PEG surfactant MoO;3; nanobelts were
identified as hexagonal space (JCPDS 05-0508). The 0.25,
0.5, and 1.0 mol% PEG surfactant MoO3 nanobelts show the
same structure with small changes to its lattice distances.
This is due to less or high growth of nanobelts in the
presence of PEG during the hydrothermal synthesis process.

FTIR spectra analysis
The FTIR spectra of the MoO; nanobelts and PEG

surfactant MoO; nanobelts are shown in Fig. 2. The
MoQOj; nanobelts exhibit three main vibrational modes in

the range of 400-1,000 cm '. The terminal oxygen
symmetry stretching mode (v5) of Mo=O and the bridge
oxygen asymmetry and symmetry starching modes (v, and
vs) of Mo—O-Mo are at 999, 862, and 549 cm !,
respectively [15]. The O-H absorption bands appeared at
3,420 and 1,630 cm™! which could be assigned due to the
presence of water molecules. There are no PEG vibrational
bands that appeared in the PEG surfactant MoO; nanobelts,
which indicates that, after hydrothermal reaction, PEG
content mostly decreased by washing.

SEM analysis

Figure 3 shows the SEM images of pure MoO; nanobelts
and 0.25 mol%, 0.5 mol% PEG surfactant MoO3 nanobelts.
Pure MoO; nanobelts around 150-320 nm were grown
individually and separately, whereas 0.25 mol%, 0.5 mol%
PEG surfactant MoO5; nanobelts were grown in the same
way as pure MoO; nanobelts with lower length, width, and
thickness due to high reactivity of PEG. The widths of the
0.25 mol%, 0.5 mol% PEG surfactant MoOs; nanobelts
were found to be 70-210 and 70—180 nm, respectively.

TEM analysis

Figure 4 shows the TEM images of pure MoO3 nanobelts and
0.5 mol% PEG surfactant MoO; nanobelts. From Fig. 4a-b,

T AR

Fig. 4 TEM images of a MoO; nanobelts and b—c 0.5 mol% PEG surfactant MoO; nanobelts
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Fig. 5 Cyclic voltammograms of a MoO3; nanobelts and b 0.5 mol% PEG surfactant MoO; nanobelts for the first five cycles

the breadth of MoO; nanobelts and 0.5 mol% PEG surfactant
MoO; nanobelts were found to be 200 and 100 nm,
respectively. From Fig. 4c, the lattice distance of the PEG
surfactant MoQOj3 nanobelts was found to be 0.69 nm which
corresponds to the value of (210).

CV analysis

Figure 5 shows the first five cyclic voltammogram (CV)
curves of pure MoO3 nanobelts and PEG surfactant MoO;
nanobelts. Cyclic voltammetry is one of the promising
electroanalytical techniques for studying phase transformation
of redox couple especially during the insertion and extraction
process [26]. The area A; (i=cycle times) which is surrounded
by each cycle curve represents the amount of the Li" ion
insertion. The cycle efficiency was calculated by the
following equation:

0; = 4;/4, (1)

where Q; is the cycle efficiency, A, the area of the first cycle
curve, and 4; the area of the i cycle curve. The third cycle
efficiency of the Q5 for pure MoO; and PEG surfactant
MoO; nanobelts are found to be 85.96% and 89.36%,
respectively. The higher cycle efficiency of PEG surfactant
MoO; nanobelts indicates that the stability of cycling
property increases when PEG is added to the MoO; nanobelts
during the hydrothermal process. In addition, there are
cathodic and anodic current peaks appearing at around the
potentials of 2.05, 2.71 Vand 2.41, 2.98 V in the first cycle of
the pure MoO; nanobelts as shown in Fig. 5a. These two sets
of peaks can be assigned to the insertion/extraction of Li"
ions between the MoOg octahedron interlayers and intralayers
[27]. It was found that the oxidation peaks shifted to certain
potentials owing to the structure transformation and collapse
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of the active material [28]. This behavior was mostly
observed in the case of MoO; nanobelts compared to that
of PEG surfactant MoO; nanobelts, indicating that the
cyclability of Li" ion insertion/extraction is decreased after
several sweeps. Similar types of results were also observed in
PEO/MoOj; nanobelts and CX-SiO composites [26, 28].

Battery discharge characteristics

Figure 6 shows the discharge characteristics of pure MoO;
and PEG surfactant MoOj3 nanobelts at different ratios with
a 30.7 mA g ' charge-discharge current density at 25°C.
The initial specific capacity of pure MoO; nanobelt is
276 mAh g ', but it sharply depreciated at the second cycle
200 mAhg ' probably due to the irreversible changes (such
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Fig. 6 The discharge characteristic curves of MoO; nanobelts and
PEG surfactant MoO5 nanobelts at different mol%
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Fig. 7 Nyquist plots (Z' vs. =Z") of MoO3 nanobelts and 0.5 mol% PEG surfactant nanobelts at various potentials of 1.5 and 3.0 V

as crystallization) of the material’s structure after the first
lithium ion insertion/extraction process and/or some of the
active sites of the electroactive material occupied by the
lithium ions. The specific capacity increasing in the third
cycle of pure MoO; nanobelts compared to that of the
second cycle is likely due to the film cracking caused by
the second cycle. The cracking or defects in the films after
the second cycle allows more freedom for volumetric
charge during Li" ion insertion/extraction [29]. After 25
cycles, the specific capacity of pure MoO; nanobelt battery
abruptly decreased to 92 mAh g ', whereas the specific
capacity of PEG surfactant MoOs nanobelts of 156 mAh g™’
indicates that the stability of the surfactant material battery
increased. The discharge stability of the PEG surfactant
MoO; nanobelts increases compared to that of pure MoOj3
nanobelts because the PEG decreased the length, width,
and thickness of the nanobelts, which enhances the cyclic
stability and reversibility due to the increase in the
insertion/extraction of Li" ions. From these discharge
characteristics, 0.5 mol% PEG surfactant MoO3 nanobelts
are one of the better possible candidates for lithium battery
applications.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a well-
established technique to study electrode kinetics of cathode
and anode materials [30]. EIS can give information about
the surface film, charge transfer and bulk resistances of the
electrode, the associated capacitances, and their variation in
the applied voltage during the charge—discharge cycle [31].
Impedance plots obtained for PEG surfactant MoO; and
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Fig. 8 Equivalent circuits for electrochemical impedance plots of a
pure MoOs nanobelts and b PEG surfactant MoO3 nanobelts batteries
at 1.5 and 3.0 V potentials
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pure MoOj3 nanobelts electrode batteries (1.5 and 3.0 V) are
shown in Fig. 7. First, the presence of a semi-circular loop
at higher frequencies is attributed to faradic reactions. The
measured resistance (intercept of semicircle along the x-axis)
is composed of the ionic resistance of electrolyte, the
intrinsic resistance of the active material, and the contact
resistance at the active material/current collector interface.
Second, in the intermediate frequency region, the 45° line is
the characteristic of ion diffusion into the porous structure of
the electrode. Third, in the low frequency region, the slope
of the impedance plot increases and tends to become purely
capacitive (vertical line characteristic of a limiting diffusion
process) which demonstrates that the electrochemical capac-
itance of the material was higher [32, 33]. As shown in
Fig. 7, PEG surfactant nanobelts show much lower resistance
in the higher frequency region, indicating better electronic
conductivity, and smaller contact resistance between the
materials or material and current collector compared to that
of pure MoOj; nanobelts. The probable reason is that PEG
surfactant nanobelts have a much better contact area between
the materials, which improves the electrical conductivity
[34]. The equivalent circuit, which best fits the experimental
data in the potential range 1.5 and 3.0 V for MoO; nanobelts
as shown in Fig. 8a, can be expressed as

Ro(0O1[Ret1 (Ra102)]) (2)

where Ry is the ohmic resistance of electrode and electrolyte,
0, and O, are the constant phase elements, R is the charge
transfer resistance of Faradic process occurring at the oxide/
electrolyte interface, and Ry, is the ionic resistance arising
from the diffusion of lithium ions. It was found that the
potentials of 1.5 and 3.0 V for PEG surfactant MoO;
nanobelts exhibit two partially overlapped semi-circles at the
high-to-medium frequencies and a strait sloping line at low
frequency [35].

The equivalent circuit for this cell system is depicted in
Fig. 8b, where Q5 and Rgp; are the capacitance and resistance
of the solid electrolyte interface (SEI) corresponding to the
semi-circle at high frequency, Q4 and R,y (the double-layer
capacitance and charge transfer resistance, respectively)
correspond to the semi-circle at medium frequency, and Z,
(the Warburg impedance) corresponds to a strait sloping line
at low frequency [36, 37]. It was observed that the diameter
of the semi-circle at higher and medium frequencies depends
on the transfer rate of Li" ions.

Conclusions
In the present paper, 1D MoO; nanobelts and PEG

surfactant MoO; nanobelts were successfully synthesized
using a simple hydrothermal method. There is no change
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in structure even after the addition of surfactant with
different mol% of PEG to the MoOj; nanobelts. The PEG
surfactant MoO; nanobelts seem to have a higher specific
capacity at the fifth cycle (82.6%) compared to that of pure
MoOj; nanobelts (78.9%). The 0.5 mol% PEG surfactant
MoO; nanobelts show better stabilized specific capacity
(156 mAh g ') at the 25th cycle which is higher than pure
MoOs nanobelts (92 mAh g ). The PEG surfactant MoOs
nanobelts exhibited less electrical resistance compared to
pure MoO; nanobelts.
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