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Micron rods of hexagonal MoOj3 (h-MoO3) and nanobelts of orthorhombic MoO3; (a-MoO3) were
prepared using a facile hydrothermal synthesis. The factors that influenced the morphologies,
crystalline structures and electrochemical properties of the MoO; were investigated by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
The experimental revealed that both the reaction time and acidity coefficient played important roles in
controlling the crystalline structure and morphology of the MoO3; however, the acidity coefficient was
the crucial factor. At lower acidity coefficient, the growth of the MoOj3 nucleus only resulted in well-
crystallized h-MoO3 rods as the reaction time increased. As the acidity coefficient increased, the h-
MoO; phase was transformed into an a-MoOj3; phase and the morphology changed gradually from
three-dimensional hexagonal micron rods to low-dimension nanobelts. As the anode electrode, the a-
MoOj3 nanobelts exhibited better electrochemical properties. The initial specific capacities of 223.1
mAh-g™and a wide discharge plateau of 2.2V for the a-MoOj; were obtained. On the other hand a
stable electrochemical performance was achieved for h-MoO3; micron rods.

Keywords: hydrothermal synthesis; h-MoO3 micron rods; a-M0O3 nanobelts; reaction time; acidity
coefficient; electrochemical properties

1. INTRODUCTION

Molybdenum oxide (MoO3) is a polymorphous material that exhibits three basic structures.
Orthorhombic MoO3 (a-MoOs) is thermodynamically stable, while monoclinic MoO3; (B-MoO3) and
hexagonal MoO3 (h-Mo00Os) are metastable. The a-MoOs is considered to be a layered structure with
Pbnm symmetry group composing of [MoOg]® octahedral units. The asymmetrical [MoOg]®
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octahedrons are interconnected through a corner link along the [001] face and exhibit edge sharing
along the [001] face to form a double-layer sheet parallel to the (010) plane. Monoclinic f-MoOj3 has a
ReOgs-related structure, in which the MoOg octahedra shares corner form a distorted cube. The h-MoOj3
material is also constructed in the same zigzag chains of the MoOg octahedra, but they are connected
through the cis-position between chains [1-3]. Several reports have focused on the a-MoO3, because -
MoO3; not only has intensive active reactivity but also can decrease the path length for Li-ion
transportation and increase interfacial contact area with electrolyte. So, a-MoOs is a kind of crystal
with high energy density electrode material for rechargeable lithiumion battery and its theoretical
electrochemical capacity is up to 670 mAh-g™[4-6]. Although h-MoOs is suitable for insertion and
extraction of the small ions, thanks to the tetrahedral and octahedral cavities in the lattice structure and
the size of the structural channels [7-9], the electrochemical properties of this material have rarely been
reported.

Unfortunately, a-MoO3 cannot reach its theoretical capacity because of poor intrinsic physical
properties predominantly with regard to ion transport and structural stability as well poor electronic
conductors [10, 11]. In generally, the electrochemical performances of the electrode materials are not only
related to the crystal structure, but also to the particles size and morphology of electrode materials. In order to
overcome this problem, some of effective ways have been made, which employed different synthesis
techniques and electrode fabrication process to improve active particle chemical composition,
morphologies, size and usage of suitable amounts of electronic conducting materials [12]. A number of
reports on the synthesis of MoOj3 have claimed a well-crystallized MoOj3 product using high processing
temperature, prolonged processing time, microwave assistance or an electromagnetic stirring technique
[13-15]. Gao [16] reported that the CTAB played a key role in the formation of a-MoO3 nanobelts and
the aspect ratio of nanobelts significantly varied with quality of CTAB. Using triblock copolymer as a
dispersing agent by sol-gel method, Zhang [17] synthesized the a-MoO3 nanoparticles, which showed
the higher discharge capacity. Uttam [18] found that the selection of inorganic acid for MoOs
preparation played an important role on the shape and size of the final product.

In this reported study, a facile hydrothermal method without any dispersing additive was used
to produce three-dimensional h-MoOs rods and low-dimensional radial fibrous a-MoO3; nanobelts by
controlling only the holding time and acidity coefficient. The morphologies, phase evolution process of
synthesized polymorphous MoOj3 were characterized and investigated by X-ray diffraction (XRD),
scanning electron microscopy (SEM). The electrochemical properties of MoO3 used as anode electrode
in lithium batteries are presented.

2. EXPERIMENTAL

2.1 Synthesis procedure

All of the raw materials used in the study, including ammonium heptamolybdate (AHM), nitric
acid (HNO3), absolute ethyl alcohol, are of analytical grade and used as received. The synthesis
process consisted of the following. First, AHM was dissolved in deionized water to form a saturated
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solution using an ultrasonic mixer at 25 “C for 30 min. Subsequently, 2.2 mol/l of HNO3 was added to
the AHM saturated solution to adjust the acidity coefficient at pH 1. In this study, the acidity
coefficient is defined as the mole ratio of the HNO3; and AHM in the solution. The mixtures were
transferred to a stainless steel reactor. The reactor was tightly closed and heated at 180 °C for different
times in an electric oven to affect the hydrothermal reaction. Finally, hydrothermal product was
separated by filtration, washed with 33% HNO3, deionized water, absolute ethyl alcohol, and dried at
65 °C in an electric oven for 6h.

2.2 Product characterization

The phase structure of hydrothermal products was characterized using a D8 X-ray
diffractometer employing CuKa radiation at 45 kV and 35 mA with a scanning rate of 2°/min ranging
from 10°-80°. The phase morphology was investigated using a scanning electron microscope (JSM-
5610LV) and a high-resolution transmission electron microscope (HTEM, JEM-2100).

2.3 Anode electrode preparation, battery assembly and testing

All of the materials used to prepare anode electrode and battery assembly, including aluminum
foil (t=0.02 mm), acetylene black, N-Methyl pyrrolidone (NMP), polyvinylidene fluoride (PVDF), are
of analytical grade and used as received. The hydrothermal MoOj3 product was used for form the
positive electrode material. The ratio of MoOs, acetylene black and PVDF used to fabricate the
electrode materials was 8:1:1. The anode electrode was fabricated as follows; first, the MoO3 powder
and acetylene black were mixed uniformly in an agate mortar. Second, PVDF was dissolved in NMP
solution, based on a ratio of 0.1g PVDF to 10 ml NMP. Third, the mixture of the MoO3 powder and
acetylene black were slowly added to the clear solution with continuous stirring for 4-8 h to form the
black mass which was then uniformly coated onto aluminum foil to prepare the anode electrode.
Finally, the anode electrode was dried in an electric oven at 70 C for 8 h and in a vacuum drying oven
at 120 °C for 8 h. The dried anode electrode was cut into small round pieces with @15.8 mm X (20-30)
um for used. Lithium metal served as the battery cathode, cigard2400 micropore polypropylene screen
was used as the separator in the battery and 1.0 mol+l™ LiPFs was used as electrolyte of battery. The
experimental battery was assembled in the glove box under Ar gas. The electrochemical properties of
the assembly batteries were measured using a battery testing system (LanHe CT2001A) at the charge-
discharge voltage of 1.0-4.0 V and ampere density of 0.5 mAscm™.

3. RESULTS AND DISCUSSION

3.1 Effect of hydrothermal reaction time

Fig. 1 displays the XRD spectrums of the synthetic products produced with an acidity
coefficient of 5 for pH 1 and reaction temperature of 180°C for various reaction times. The results
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indicate that the synthetic products were h-MoOj3; phase with no a-MoOj3 being identified. It is also
evident that the intensities in the three planes of the h-MoO3; family were higher than those of the
standard powders, which are the (h10), (h00) and (h20) lattice planes for example (110), (210), (200),

(300), (220), (320) et al. The three family planes reveal that the h-MoO3 phase can be indexed as being
highly anisotropic hexagonal symmetry.
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Figure 1. XRD spectrums of synthetic products under different reaction time
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Figure 2. SEM images of h-MoO3 under different time for (a) 2 h, (b) 6 h, (c) 20 hand (d) 25 h



Int. J. Electrochem. Sci., Vol. 12, 2017 2433

[}
1000 nm

Figure 3. HTEM and SAED images of h-MoO; rods after holding time for 25 h at the acidity
coefficient of 5 for pH 1 and reaction temperature of 180°C
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The SEM images of the h-MoOj3; produced at different reaction times are shown in Fig. 2. The
MoO3; morphology exhibits shuttle-like rods with a smooth surface at the initial stage of reaction (~2
h). In the middle of hydrothermal reaction time (about 6 h), as the MoO3 rods grew longer, crystal
prisms began to be appear in the direction of the length. The h-MoO3; morphology exhibited a similar
irregular cylinder with the length of about 10-12 pum. At about 10-20 h of reaction time, the
morphologies of irregular cylinders disappeared and hexagonal prototypes gradually evolved. After a
prolonging reaction time of 25 h, the shape of the straight hexagonal micron rods was fully developed
with smooth surfaces, the length of which was 15-20 pm and the diameter was 2-4 pum. Combined with
TEM images and the diffraction patterns (see Fig. 4), it can be seen that the synthetic product was the
pure h-MoO3 phase, with a micron rod morphology. Thus, it can be concluded that the reaction time
was not the key factor in development of the product’s phase and did not cause the phase transition to
occur happen in the low acidity coefficient conditions. As the reaction time increased, the h-MoO3
phase became coarsened with regular growth.

3.2 Effect of acidity coefficient

Fig. 4 displays the XRD spectrums of the synthetic products at a reaction temperature of 180°C
for 25 h with different solution acidity coefficients. As the acidity coefficient increased from 5 to 30,
diffraction peaks for a-MoO; gradually appeared and the h-MoOs phase diffraction peaks gradually
weakened and disappeared. The XRD pattern also shows that diffraction peaks of (0k0) crystal faces,
where k= 2, 4, 6, 10, are much stronger than the rest, which means that the products are significant
anisotropy and a preferential growth occurred in a direction in the crystal formation process. These
results suggest that the acidity coefficients played an important role in the evolution of the phase of the
MoOa.
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Figure 4. XRD spectrums of synthetic products under different acidity coefficients

Fig. 5 shows the SEM images of the MoOg3 phase as a function of the variation in the solution
acidity coefficient. A significant change in the morphology of the MoO; product from three-
dimensional hexagonal micron rods to low-dimensional nanobelts can be clearly observed. At a low
acidity coefficient of 5, the morphology appeared to be the typical micron-sized h-MoOj rods. As the
acidity coefficient was increased to 10-15, the micron-sized h-MoOj3; rods began to become more fine,
short and grainy in texture. In addition, some belts morphology can also be seen. Corresponding to the
XRD pattern, the a-MoOs phase is evident. Furthermore, with a further increase in the acidity
coefficient, the fine-grained h-MoO3; phase gradually disappeared and thinner, long belts or fibrous a-
MoOj3 phases emerged. When the acidity coefficient reached 30, the product grew rapidly and was
converted to a-MoOj3 nanobelts in place of the h-MoOj3; phase. The a-MoQO3 nanobelts exhibited a
length of 20-30 um and a diameter of 100-300 nm.

Fig. 6 displays TEM images of the a-MoO3 product synthesized with an acidity coefficient of
30. It can be seen that the a-MoO;3 exhibited disorder and randomly-sized, smooth nanobelts. The
SAED at the top of Fig. 6-b verifies that the direction of growth was parallel to the axial direction of
the nanobelts. Furthermore, the lattice finger images of the a-MoO; at the bottom of Fig. 6b can be
clearly seen in the HTEM images. The adjacent interplanar spacing corresponds to the spacing of the
(200) lattice plane. According to Bravis law, actual crystal faces are often parallel to the crystal planes
with the largest atom density [19]. The interplanar spacing is larger, the force of crystal faces attracting
external particles in the vertical direction is weaker. In orthorhombic phase a-MoOs, (0k0) crystal
planes are the largest atom density planes. So the synthesized samples grew in the [001] direction and
formed a-MoO3 phase.



Int. J. Electrochem. Sci., Vol. 12, 2017 2435

Figure 5. SEM images of a-MoQOj3 phase obtained at acidity coefficients of (a) 5, (b) 10, (c) 15, (d) 20,
() 25, () 30

Figure 6. TEM images of the a-M0O3 phase (a) morphology and (b) HTEM and SAED
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3.3 Formation mechanism

The polymorphous MoO3; phases produced by the hydrothermal synthesis can be identified as a
dissolve-recrystallization process. The mechanism for the formation of MoOj3 from isopolymolybdate
(M07024)® anions in a hydrothermal synthesis have been reported to be as follows [20]:

Mo0702,> + 6H* — 7MoO; + 3H,0

The growth process was reported to be summarized as:

Mo0702,% + 6H* + 11H,0 — 7M003-2H,0

Mo0O3-2H,0 — Mo0O3-H,0 + H,0

0-Mo00O3-H,0 — MoO3+ H,O

In the overall equilibrium shown above, high concentrations of both Mo;0.,% and H* shift the
reaction to the right. It has also been suggested that the formation and phase structure of MoO3 have a
strong dependence on the acid concentration (acidity coefficient) of solution and the reaction time.

It has been found that the growth unit of the MoOs is the [M0Og] octahedron (see Fig.7-a). In
the acid solution, when the acidity coefficient was 5, the driving force was low, because of the lower
H" concentration. Therefore, few growth units were created and there was a detriment to growth at the
crystal-liquid interface. In addition, based on the growth pattern of the anion coordination-polyhedra,
the velocity of growth of the negative polar plane could not be controlled, because few H* ions were
adsorbed at the negative polar plane of the MoOg octahedron. Thus, the corner to corner growth
became the basis of the growth unit and it easily developed into a network shaped hexagonal MoO3;
phase (see Fig.7-b). The formation mechanism of the h-MoO; has been also described that a
substantial amount of oxygen groups such as -COOH and —OH (few of H" ions), which are easy to
hold MoO3 particles on the same surface; the surface would scroll up to a rod with the formation of
Mo-O bond due to its flexibility. As the temperature and holding time increase, the rod gradually
grows up and finally forms h-MoOs [21].

With the increase of the acidity coefficient, the concentration of H* ions increased and the
stronger driving force was beneficial to the nucleation and growth of growth units. At the same time,
the growth of the negative polar plane was blocked, because more and more H* ions were adsorbed at
the negative polar plane. Thus, the velocity of the positive polar plane was far greater than the others.
Therefore, the growth was changed to superposition by sharing the edges and by sharing the corners of
the positive polar plane structure, which developed into an orthorhombic MoOj3; phase (see Fig.7-c).

Figure 7. growth of MoOj3: (a) growth unit of [MoOg], (b) connected by corner ( h-MoO3) and (c)
superposition of growth unit (a-MoO3)
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3.4 Electrochemical properties of polymorphous MoOs

Table 1 exhibited the specific capacity and cycling properties of both types of MoOj3 phases.
The initial discharge curve of the battery containing the synthesized h-MoQOs is displayed in Fig.8. It
can be seen that the initial discharge capacity of h-MoO; phase was 171.4mAh-g* and a discharge
plateau occurred at about 2.0 V. However, it appeared that there was an obvious improvement in the a-
MoOs phase. The initial discharge capacity was at about 223.1mAh-g* and a wide and even plateau
emerged at about 2.2 V. With the increase of the cycling index, the specific capacities of both types of
MoOs; phases gradually declined. After cycling 20, the specific capacities of the h-MoO3; and a-MoQOj3
phases dropped to 95.7 mAh-g-* and 135.3 mAh-g™. The capacity retention ratios of the h-MoO3 and
a-MoQO;3 phases were approximately 55.8% and 60.6%.

Table 1. Specific capacity of a-MoO3 and h-MoOj3 at the initial 20 cycles

cycle index 1 2 3 4 5 6 7 8 9 10

h-MoO3 1714 1693 168.3 1655 1643 163.7 160.6 1574 155.6 150.5
a-MoO3 223.1 2156 2005 199.3 1957 1947 1863 186 180.6 172.3

cycle index 11 12 13 14 15 16 17 18 19 20

h-MoOj3 1445 1429 1357 1348 1305 126.2 1206 113.7 1059 957
a-MoO3 165.3 163.2 1569 1526 150.7 149.2 1475 146.2 140.8 135.3
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Figure 8. Initial discharge curve and cycling curve for the various MoO3 phases

It can determinate that from these reported electrochemical performance results the
electrochemical properties (initial discharge capacity and cycling capacity) of the a-MoOj3 phase were
better than the h-MoO3; phase. In other words, the electrochemical properties were depended on the
phase of the MoOs. The nanofibrous morphology reveals more active crystallographic (010) planes,
which will make the intercalation and deintercalation of Li* ions very easy. Moreover, it has been
demonstrated that the Li* intercalation takes place in the van der Waals spacing preferentially at the
(010) plane [22]. Therefore, the a-M0oO3 phase with a thin fibrous morphology not only provided a
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shorter migration path for the electrons and Li™ ion, but also increased the contact area between the
electrode and electrolyte. However, hexagonal h-MoOj3 is a metastable phase, which is constructed by
using the zigzag chains of [MoOg] octahedra as the building blocks connecting through adjacent
oxygens. Although the tunnel structure of h-MoOj3; could result in electron—hole separation and provide
locations for cation insertion and extraction, the exposed (010) planes are less than that of the MoO3
nanofibrous, leading to their less capacitances [23].

Fig. 9 displays the cyclic voltammetry curve of the a-MoOj3 positive electrode materials. Two
distinct and sharp peaks appeared at 2.0 V and 2.15 V for the oxidation peaks, and at 1.85 V and 1.95
V for the reduction peaks. Two pairs of symmetrical peaks corresponding to the
intercalation/deintercalation of Li* ion indicated that the electrode reaction was reversibly. The two
peaks on the reduction curve indicated that the Li* intercalation process in the a-MoO3 materials was
accomplished in two steps. The first step was the Li* embedding into the [MoOg] octahedron and the
second step was the movement of the actions into the layers of the [MoOg] octahedron. The potential
difference between the oxidation peaks and the reduction peaks resulted from the concentration
polarization on the electrode surface. On the other hand, there was a variation between the reduction
peaks (1.85V and 1.95V in Fig.9) and the discharge plateau (2.0 V in Fig.8). The first reason for this
was the difference in the test process. The cyclic voltammetry method is a potentiostatic technique
where the voltage is controlled and the current is allowed to float. By contrast, the charge-discharge
test is a galvanostatic technique where the current is held constant and the voltage of the electrode is
allowed to float. Another reason for this discrepancy is centered on the button battery used for the
testing, which was twin-electrode system, where both the counter electrode and reference electrode
were lithium.
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Figure 9. the cyclic voltammetry curve of the a-MoO3 phase

Electrode polarization could have occurred at the reference electrode when the current was
varied during the tests. As a result, the variation in the current in the cyclic voltammetry method and
the charge-discharge method could lead to a variation in the electrode polarization. This would explain
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in the deviation between the reduction peaks and the discharge platform could be generated. In
addition, although the electrochemical performances are correspond to the nanofibers which delivered
a capacity 265 mAhe=g™ for the first discharge in the potential range 3.5-1.5 V, there are still quite
grate difference in compare to the capacity of 600 mAh+g™ for a-MoO; electrode using CMC binder
[24]. Because CMC (sodium salt of carboxy methyl cellulose) provides better electrode stability
towards conversion reaction in compare to PVDF binder.

4. CONCLUSION

In this study, h-MoO3 and a-MoO3; were prepared using a facile hydrothermal synthesis.
Although both the hydrothermal reaction time and the solution acidity coefficient were found to play
important roles in controlling the crystalline structure and morphology of the product MoOs, the
acidity coefficient was the critical factor, which determined the number of growth units and the crystal
structure. At the lower acidity, the poor number of growth units and the driving force led to developing
the h-MoOj3 micro rods with the length of 15-20 um and the diameter of 2-4 pm as the holding time
increased. With the increase of the acidity coefficient, the phase structure and phase morphologies
evolved and the a-MoO3 nanobelts with the length of 20-30 um and a diameter of 100-300 nm replaced
the h-MoO3z; micron rods in the product. Both the h-MoO3; and a-MoQOj3 possessed electrochemical
activity. The initial discharge capacity of h-MoOj3 and a-MoO; were 171.4 mAheg™ and 223.1 mAh-g*
and after 20 cycles the capacity retention ratios were 55.8% and 60.6%. The specific capacity and
cycling properties of a-MoOj3 phase were better than the h-MoO3 phase.
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