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Abstract: In order to improve the electrochemical performance of polyoxomolybdate Na;[AlMosO4Hs](NAM) as the cathode
material of lithium ion battery, the NAM materials with small particle size were synthesized by elevating the synthesis temperature in
the solution. The as-prepared NAM materials were investigated by FT-IR, XRD, SEM and EIS. Their discharge—charge and cycle
performance were also tested. The results show that the particle size decreases to less than 10 um at the temperature of higher than
40 °C. When synthesized at 80 °C, the NAM with the smallest particle size (~3 um) exhibits the best electrochemical performance
such as high initial discharge capacity of 409 mA-h/g and coulombic efficiency of 95% in the first cycle at 0.04C.
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1 Introduction

The worldwide demand for energy storage devices
has increased rapidly year by year. Lithium ion battery
(LIB) as one of the most suitable energy storage systems
has been intensively investigated since 1990s, because of
their higher energy density and more stable cycle
performance compared with those of lead-acid batteries
and nickel-metal hydride battery [1-3]. LIB is attractive
power sources for a variety of applications, such as
portable electronic devices, transportation vehicles, and
stationary storage of renewable energy sources like solar
and wind. In current LIB technology, it is generally
acknowledged that the cell voltages and capacities are
mainly determined by the cathode material which is also
the limiting factor for lithium ion transfer [4]. The
conventional cathode materials mainly focus on the
transition metal intercalation oxides, such as the layered
compounds LiMO, (M=Co, Ni, Mn, etc.), spinel
compounds LiM,0, (M=Mn, etc.), and olivine
compounds LiMPO, (M=Fe, Mn, Ni, Co, etc.) [5—22].
However, the achievable specific capacities of the
conventional cathode materials are usually lower than
200 mA-h/g, which are insufficient for meeting the
increasing energy demand for large-scale applications,

such as hybrid electric vehicles and electric vehicles.
Polyoxometalates (POM) have been recently
studied as the cathode/anode materials of lithium ion
battery [23—34]. Different form the conventional cathode
materials, lithium ion can react with the molecular
cluster ion wunits that are independent from the
recoverability of crystal structure. Furthermore, multiple
electron redox can proceed by the transition metal with
high valence number like vanadium and molybdenum in
the molecular unit, so high capacity with deep discharge
in the wide voltage window could be obtained in POM.
Nanosize polyoxovanadates K5[NiV3035] and
K7[MnV;0;5] have been prepared by re-crystallization
in the solution containing organic solvent acetone, the
nanosize particles showed improved electrochemical
performance [24,30]. The  polyoxomolybadate
(NH4)4[NiMo0yO;,] re-crystallized in nanosize porous
Ketjen Black (KB) exhibited high rate performance at
the improved current density [32]. However, the cycle
performance of POM was degraded when decreased the
particle size to nanoscale. It is suggested that the poor
cycle performance of the nanosize particle should be due
to the increased catalysis of POM to the electrolyte
oxidation decomposition. The as-prepared Anderson type
polyoxomolybadate Naz[AIMosO,sHs] (NAM) usually
shows large particle size, which greatly suppresses the
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electrochemical performance, and there is no report that
how to decrease the particle size of the as-prepared NAM
in the synthesis process. In this work, the influence of
synthesis temperature on the particle size of the NAM
was studied, and the electrochemical performance of the
NAM was investigated.

2 Experimental

The synthesis method of NAM was reported in
Ref. [35]. The detailed synthesis procedure is as follows.
Firstly, 7.498 g AICl;-6H,0 was dissolved in 125 mL
distilled water, then 17.5 g Na,Mo0QO,-2H,0 was added to
the solution. The pH of the solution was adjusted to 1.8
by dropwise addition of 36% HCI. The solution was
stabilized at pH 1.8 for 10 min, then evaporated at 60, 70,
80, 90 °C, respectively. The crystals were precipitated
out and were filtered, and then washed with ethanol—
water mixture solution. All of the as-prepared samples
were dried at 120 °C for 1 h before electrode preparation.
The sample at 40 °C was also synthesized by the
reported method for control [30].

Fourier transform infrared (FT-IR) spectra were
collected with a spectrometer (Bruker, Alpha) in the
range of 400—-1200 cm '. The crystal structure of
as-prepared NAM was characterized by a powder X-ray
diffractometer (XRD) (Bruker, AXS GMBH) with Cu K,
(40 kV, 40 mA) radiation. The diffraction data were
recorded from 10° to 90° in 26. The morphologies were
observed by field emission scanning electron microscope
(FESEM, Nova NanoSEM 450). The particle size
distribution was recorded by the particle size analyzer
(Malvern Mastersizer 2000). The cathodes were prepared
by mixing NAM, carbon ECP 600JD, and
polytetrafluoroecthylene (PTFE) in a mass ratio of
32:64:4. The electrochemical performance of cathodes
was tested at 25 °C by using CR—2032 coin cells, which
were assembled in an argon filled glovebox using
metallic lithium as anode, and 1 mol/L LiPFg in a mixed
solvent of ethylene carbonate and diethyl carbonate at a
volume ratio of 3:7 as electrolyte. Cycle performance
was tested on a NEWARE CT—4008 equipment between
1.5 and 4.2 V (vs Li/Li") at 0.04C (1C=455 mA/g).

Electrochemical impedance spectra (EIS) were
performed with a CHI660C (Shanghai Chenhua)
impedance analyzer in the frequency range of

10°-10"% Hz with an amplitude of 10 mV.
3 Results and discussion

3.1 FT-IR and XRD analysis

To investigate the stability of the molecular cluster
ion [AIMogO,4H]> synthesized at higher temperatures,
FT-IR spectra were recorded, as shown in Fig. 1. It is

clearly shown that the similar characteristic absorption
peaks of the molecular cluster ion are observed at the
wavenumber of 400—1000 cm'. This means that the
molecular cluster ion was stable when synthesized at
higher temperatures than 40 °C. It can be seen that the
vibrational frequencies at 947 and 920 cm ™' with strong
intensities are assigned to the symmetric and asymmetric
stretching of Mo—O bonds, and the other vibrations of
574, 530 and 447 cm ' are attributed to the asymmetric
stretching AlI—O band and the bending of O—AI—O,
Mo—O—Mo bonds. Figure 2 shows the XRD patterns
of the as-prepared NAM at the temperatures of 60, 70, 80
and 90 °C, respectively. It can be seen that the crystal
structures are consistent with the NAM in ICSD
No. 281185. However, the intensity ratios of the
as-prepared NAM do not match well with the ICSD
pattern, which should be caused by the difference in the
orientation of powders, because the conditions for the
crystal growth in this work are different from that of the
previously reported one [34].
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Fig. 1 FT-IR spectra of NAM synthesized at different
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Fig. 2 XRD patterns of NAM synthesized at different

temperatures
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3.2 Morphologies and particle size distribution

Figure 3 shows the morphologies of the NAM
synthesized at different temperatures. It can be seen that
the crystals synthesized at the temperatures higher than
40 °C have irregular morphologies, which are similar to
the crystals synthesized at 40 °C. The particle size
distribution is shown in Fig. 4. It is clearly shown that
the particle size is greatly decreased at the elevated
temperatures. The particle sizes (Dsy) are 50.90, 8.23,
6.05, 3.04 and 7.28 um at the temperatures of 40, 60, 70,
80 and 90 °C, respectively. As we all know, low
temperature leads to slow nucleation rate and large
particle size. With the increase of synthesis temperature,
nucleation rates speeded up and a large amount of crystal
nucleus were formed quickly without enough time to
grow up; therefore, the particle size of NAM decreased
at the elevated synthesis temperature. However, when the

synthesis temperature further increased to 90 °C, the
agglomeration of small crystal nucleus resulted in the
increase of the particle size. This means that the
synthesis temperature of 80°C is the optimum
temperature for obtaining the smallest particle. It is well
known that the small size particle is helpful to shortening
lithium ion diffusion path and improving electrochemical
performance.

3.3 Electrochemical performance

Figure 5(a) shows the first discharge—charge
performance of NAM synthesized at different
temperatures. It can be seen that NAM synthesized at
80 °C showed the largest capacity. Initial discharge
capacities of 370.1, 389.4, 3933, 409.1 and
397.2 mA-h/g were obtained at the temperatures of 40,
60, 70, 80 and 90 °C, respectively. It should be noted

Fig. 3 SEM images of NAM synthesized at different temperatures: (a) 40 °C; (b) 60 °C; (c) 70 °C; (d) 80 °C; (e) 90 °C
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Fig. 4 Particle size distributions of NAM synthesized at

different temperatures
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Fig. 5 First discharge—charge curves (a) and cycle performance
(b) of NAM at 0.04C

that NAM synthesized at 40 °C showed the largest
irreversible capacity in the following charge process,
which induced the low coulombic efficiency of 85.2%
during the first cycle. On the other hand, NAM
synthesized at temperatures of 60, 70, 80 and 90 °C
showed higher coulombic efficiencies of 88.4%, 90.2%,
94.9%, and 87.5%, respectively. The cycle performance
of NAM is shown in Fig. 5(b). The NAM with small

particle size showed higher discharge capacity compared
with the NAM synthesized at the low temperature of
40 °C. Capacity retention of 82.1% was obtained after 20
cycles for the NAM synthesized at 80 °C. These results
demonstrate that the elevated synthesis temperature is
beneficial for decreasing the particle size of as-prepared
NAM, and furthermore, the smallest particle size could
be obtained at 80 °C, which showed higher capacity.

To analyze the effect of particle size on the cycle
performance of NAM, EIS measurements were
investigated for the samples synthesized at different
temperatures after the first cycle, the respective Nyquist
plots are shown in Fig. 6. It is clearly shown that all of
the Nyquist plots consist of one semicircle in the high-
frequency region and a linear part in the low-frequency
region. The semicircles in the high-frequency region
would be attributed to the resistances of the charge-
transfer for the cathode material. The slope lines in the
low-frequency region are related to the solid-state
diffusion of lithium ions in the cathode. The equivalent
circuit proposed to fit the Nyquist plots is shown in the
inset of Fig. 6, where R;is the electrolyte resistance; R
is the charge-transfer resistance; CPE, and Z,, are the
constant phase element and Warburg impedance,
respectively. The R, values are 170, 140, 136, 88 and
130 Q at the temperatures of 40, 60, 70, 80 and 90 °C,
respectively. The results of EIS indicate that the
improved electrochemical performance of NAM should
be ascribed to the decrease of particle size, which further
improves the electric conductivity of electrode,
facilitating the lithium ion diffusion in the electrode.
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Fig. 6 Nyquist plots of NAM after one cycle at 0.04C (Inset:

equivalent circuit proposed to fit Nyquist plots)

To further confirm that the downsized particle could
significantly improve the electric conductivity, resulting
in the improvement of electrochemical performance, the
rate capabilities at higher rates were investigated, as
shown in Fig. 7. It can be seen that the downsized
particle showed much higher capacity than the large size
particle. The discharge capacity of 270 mA-h/g can be
obtained for NAM synthesized at 80 °C and 1C, which is
about twice that of the NAM synthesized at 40 °C.
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Fig. 7 Rate capabilities of NAM cycled at varied rates

4 Conclusions

Polyoxomolybdate materials with small particle size

were synthesized by improving the synthesis temperature
in the solution. The crystal structure of as-prepared NAM
does not change at different synthesis temperatures. With
the increase of the synthesis temperature, the particle size
of as-prepared NAM decreases. When synthesized at the
temperature of 80 °C, the NAM with the smallest particle
exhibits the best electrochemical performance, which is
promising to be a kind of new cathode materials for
lithium ion battery.
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