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Abstract: The polyoxovanadate (NH,);[MnV3035] (AMV) was synthesized and characterized by X-ray diffraction pattern, Fourier
transform infrared spectra, and field emission scanning electron microscope equipped with energy dispersive X-ray spectroscopy. In
order to improve the electrochemical performance of AMYV, the particle size of as-prepared AMV is decreased to nanoscale by
re-precipitation in the water—ethanol solution. The results of the electrochemical impedance spectra and the 4-pin probe
measurements show that the electrical conductivity of AMV is improved by decreasing the particle size. The nanoparticle AMV
shows higher initial discharge capacity and energy density than the as-prepared AMV when cycled at 0.5C. On the other hand, the

nanoparticle AMV exhibits higher rate capability than the as-prepared AMV.
Key words: lithium ion battery; cathode material; polyoxovanadate; nanoparticle

1 Introduction

Lithium ion battery (LIB) as power sources has
attracted much attention for a variety of applications,
such as portable electronic devices, transportation
vehicles, and stationary storage of renewable energy
sources like solar and wind. It is generally acknowledged
that the cell voltages and capacities of LIB are mainly
determined by the cathode materials [1—8]. Currently, the
conventional cathode materials mainly focus on the
transition metal intercalation oxides, such as the layered
compounds LiMO, (M=Co, Ni, Mn, etc.) [9—-18], spinel
compounds LiM,04 (M=Mn, etc.) [19-25], and olivine
compounds LiMPO, (M=Fe, Mn, Ni, Co, etc.) [26—32].
The reversible capacities of the materials largely depend
on the stability of crystal structures. For example,
LiCoO, can only deliver capacity of 140 mA-h/g which
is half of its theoretical capacity due to the intrinsic
structural instability of the material when more than half
of the Li ions are extracted. Moreover, the achievable
specific capacity of the conventional cathode materials is
usually lower than 200 mA-h/g, which is insufficient for
meeting the increasing energy demand for large-scale
applications, such as hybrid electric vehicles and electric

vehicles.

Polyoxometalates (POMs) have been considered as
potential candidates for use in lithium ion battery
because of the wunique molecular cluster ion
structures [33—43]. The discharge—charge process in
POMs can proceed reversibly by the reaction of lithium
ions with the stable molecular cluster ions, rather than
depending on the stability of the crystal structures. High
capacities are expected to be obtained in a wide
voltage window (1.5-4.2 V) due to the available
multi-electron redox in the discharge—charge process.
Polyoxovanadates K;[MnV;033] and K;[NiV ;053] have
been studied recently as the cathode materials of lithium
ion battery [40, 43]. However, the potential high
capacities of these materials consisting of the molecular
cluster ions [MV 3055]"~ (M=Ni, Mn) have not been fully
exhibited, because the theoretical capacities of the
polyoxovanadates are largely dependent on its equivalent
mass. The smaller the equivalent mass of counter cations
combined with the molecular cluster ions [MV|3O38]77
(M=Ni, Mn) is, the higher the theoretical capacities
would be exhibited. Therefore, in this study, the counter
cations K* in K;[MnV,303;] were substituted by NH,"
with  smaller equivalent mass to form the
polyoxovanadate (NH4);[MnV3;0;5] (AMV), which
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possesses higher theoretical capacity than K;[MnV 30;3].
The theoretical capacity of AMV is assumed to be
480 mA-h/g, corresponding to the insertion of 26 lithium
ions into the structure, which requires 13 redox couples
of V¥*/V** in one cluster ion unit [MnV,30s5]”". However,
the intrinsic low electrical conductivities of POMs have
adverse effects on the electrochemical performance of
the cell. It has been reported that the -electrical
conductivities could be improved by decreasing the
particle size to nanoscale or employing the carbon
additive with high electrical conductivity [39,40,42,43],
but the obtained discharge capacities were still far from
their theoretical ones, and the rate capabilities were not
so high. In this study, the polyoxovanadate AMV was
synthesized and the electrochemical performance was
investigated.

2 Experimental

The polyoxovanadate AMV was prepared by
modifying the reported method [44]. 6.083 g NH,VO,
was dissolved in 180 mL hot water, followed by adding
4 mL 1 mol/L HNOs, 4 mL 1 mol/L MnSOy, and 1.826 g
(NH4),S,0s. The solution was evaporated at 80 °C under
magnetic stirring and left about 40 mL after 5 h, then
treated with 0.6 g ammonium acetate. Some solid
impurities at the end of reaction were removed by
filtration, and the filter liquor was cooled down under
magnetic stirring for hours. The yellow
crystalline product was collected and washed with 1:1
(volume ratio) ethanol-water. In this study, the
preparation of AMV nanoparticles was similar to the
reported method [40,43], but the water—soluable organic
solvent acetone was substituted by ethanol. For control
study, the polyoxovanadate K,;[MnV;033] was prepared
according to the reported method [40].

The crystal structure of as-prepared polyoxovanadate
was characterized by a powder X-ray diffractometer
(Bruker, AXS GMBH) with Cu K, (40 kV, 40 mA)
radiation. The diffraction data were recorded from 10° to
90° in 26. Fourier transform infrared (FT-IR) spectra
were collected with a spectrometer (Bruker, Alpha) in the
range of 400—-1500 cm'. The morphologies were
observed by field emission scanning electron microscope
(FESEM, Nova NanoSEM 450) equipped with energy
dispersive X-ray spectroscopy (EDXs). The particle size
distributions were recorded by the particle size analyzer
(Malvern Mastersizer 2000). Thermal stability study was
carried out by thermogravimetic analysis (TGA) and
differential scanning calorimetry (DSC) (Simultaneous
TGA-DSC Q600). The TGA-DSC experiment was
performed at a heating rate of 10 °C/min up to 800 °C in
air.

several

The water in the as-prepared samples was removed

by drying at 120 °C for 1 h before electrodes preparation.
The cathode consisted of 3 mg (32%) active material,
6 mg (64%) conductive additive ECP and 0.25 mg (4%)
PTFE binder. The area and thickness of cathode were
0.5 cm”? and 1 mm, respectively. 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 LiPF¢ 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 varied rates (1C=480 mA/g). The cyclic
voltammetry (CV) data were obtained with a CHI660C
(Shanghai Chenhua) at a scan rate of 1 mV/s between 1.5
and 4.2 V. Electrochemical impedance spectra were
performed with a CHI660C (Shanghai Chenhua, China)
impedance analyzer in the frequency range of 107°-10°
Hz with an amplitude of 10 mV. The -electrical
conductivities were measured with the 4-pin probe
method on a powder resistivity test equipment
(Mitsubishi, MCP-PD51).

3 Results and discussion

The X-ray diffraction pattern of as-prepared
polyoxovanadate is shown in Fig. 1, which did not match
well with the K;[MnV350;35] in ICSD No. 40961,
indicating that the crystal structure of as-prepared
polyoxovanadate in this work is different from that of the
K7[MnV30;5]. The XRD pattern of the re-precipitated
product agrees with the as-prepared polyoxovanadate.

Re-precipitated (NH,);[MnV3055]
P L...U;_"Lu_m :

As-prepared (NHy ) [MnV 3055]

| i ICSD No.40961 K;[MnV :055]
o .

10 20 30 40 50 60 70 80 90

Fig. 1 XRD patterns of as-prepared (NH4);[MnV;055],
re-precipitated (NH4);[MnV3035] and K;[MnV3055] in ICSD
No. 40961

Figure 2 shows the FT-IR spectra of the as-prepared
polyoxovanadate. The characteristic absorbance peaks of
the as-prepared polyoxovanadate in the wavenumber of
400-1000 cm ' are consistent with those of
K5[MnV;034], indicating that the molecular cluster ion
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in the as-prepared polyoxovanadate consisted of
[MnV3055]. The characteristic absorbance peak of
NH," ion observed at 1400 cm ! indicates that the NH,"
as counter cation should combine with the molecular
cluster ion [MnV;055]" in the as-prepared
polyoxovanadate.

As-prepared (NH,),[MnV ;03]

K45[MnV 504]

400 600 800 1000 1200 1400
Wavenumber/cm™

Fig. 2 FT-IR spectra of as-prepared (NH4);[MnV3;0;5] and

K7[MnV3033]

The N, Mn and V elements in the as-prepared
polyoxovanadate were further confirmed in the elemental
distribution maps by EDXs, as shown in Fig. 3. The
detected element contents for N, Mn and V are 8.41%,

4.86% and 66.81%, respectively, approximating to the
7:1:13  stoichiometry. This indicates that the
polyoxovanadate with the constitution of
(NH4)7[MnV 30;5] has been prepared in this study.

Figure 4 shows the morphologies of the as-prepared
and re-precipitated AMV with different magnifications.
It can be seen that the particle size of the as-prepared
AMYV decreases significantly by re-precipitation with the
assistance of ethanol. The particle size distribution is
shown in Fig. 5. It is clearly shown that the particle size
decreases to nanoscale by re-precipitation. The particle
sizes (Dsg) of as-prepared AMV and re-precipitated AMV
are 372 and 0.469 pm, respectively. Herein, the
re-precipitated AMYV is named as nanoparticle.

Figure 6 shows TGA-DSC analysis of the
synthesized AMV. The significant water loss associated
with endothermal peak exhibited at around 120 °C. The
endothermal peak observed at 253 °C might be ascribed
to the loss of ammonia. The exothermal peak appeared at
380 °C indicates the complete decomposition of AMV.

Figure 7 shows the CV curves of the as-prepared
AMV. The electrode exhibited two pairs of broad redox
peaks in the voltage range of 1.5—4.2 V. In the first cycle,
the cathodic peaks around 2.95 V and 2.05 V and
corresponding anodic peak around 3.18 V and 1.8 V are
observed. In the following cycles, the redox peaks
shifted to the higher voltage, and tended to be stable after

Fig. 3 SEM image (a) of as-prepared (NH,)7[MnV 303;], and corresponding EDXs mappings for N (b), Mn (c) and V (d)
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Fig. 4 Morphologies of as-prepared (a, b) and re-precipitated (c, d) (NHy);[MnV3035]
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Fig. 5  Particle size distributions of as-prepared

(NH4),[MnV30533] and nanoparticle (NHy),[MnV3055]

the second cycle. This phenomenon should be ascribed to
polarization of the electrode. The CV result demonstrates
that the reversible redox reaction would proceed in the
cathode.

Figure 8(a) shows the initial discharge—charge
curves of as-prepared AMV and nanoparticle AMV
cycled at 0.5C. The initial discharge capacity of
234 mA-h/g was obtained for the nanoparticle AMV,
which is much higher than that of 192 mA-h/g for the
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Fig. 6 TGA—DSC curves of as-prepared (NH4);[MnV3035]

as-prepared AMV. Both of the as-prepared AMV and
nanoparticle AMV showed large irreversible charge
capacity in the following charge process (3.4—4.2 V),
which should be contributed to the oxidative
decomposition of electrolyte because of the catalysis of
POMs [40,43]. Figure 8(b) shows the cycle performance
of AMV. The nanoparticle AMV showed gradual
capacity increase from the first cycle to the 15th cycle
which might be due to the polarization of electrode.
Thereafter the capacity decreased gradually, which
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Fig. 7 CV curves of as-prepared (NH,),[MnV30s3] in voltage
range of 1.5-4.2 V
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Fig. 8 Initial discharge—charge curves (a), discharge capacity (b)
and energy density (c) of as-prepared AMV and nanoparticle
AMV cycled at 0.5C

should be ascribed to the harmful surface film resulted
from the decomposed product of electrolyte on the
nanoparticle [40]. On the other hand, the as-prepared
AMV showed relatively stable cycle performance and
higher discharge capacity after long-term cycle.
Discharge capacity of 305 mA-h/g was obtained for the
as-prepared AMV after 100 cycles, while the
nanoparticle AMV maintained discharge capacity of
234 mA-h/g. The energy densities of the two electrodes
are shown in Fig. 8(c). The as-prepared AMV and
nanoparticle AMV showed energy densities of 722 and
553 mW-h/g after 100 cycles, respectively.

The rate capabilities of as-prepared AMV and
nanoparticle AMV after 30 cycles at the varied rates are
shown in Fig. 9(a). The discharge capacities of
nanoparticle AMV at 1C, 3C and 5C are 330, 238 and
177 mA-h/g, respectively, while those of the as-prepared
AMYV are 249, 141 and 88 mA‘h/g, respectively. The
energy densities of the two electrodes at the varied rates
are shown in Fig. 9(b). Energy densities of 807, 553 and
395 mW-h/g were obtained for the nanoparticle AMV
after 30 cycles at the rates of 1C, 3C and 5C, respectively,
while those of 551, 289 and 179 mW-h/g were obtained
for the as-prepared AMV.
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Fig. 9 Rate capabilities of as-prepared AMV and nanoparticle

AMV after 30 cycles at varied rates (a) and energy densities of

as-prepared AMV and nanoparticle AMV cycled at varied

rates (b)

Figure 10(a) shows the Nyquist plots of as-prepared
AMV and nanoparticle AMV after the initial discharge—
charge process of the cells at 1 C. No obvious difference
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Fig. 10 Nyquist plots of as-prepared AMV and nanoparticle
AMV after one cycle at 1C (a) and pressure dependence of
electrical conductivities of as-prepared AMV and nanoparticle
AMV (b)

in both impedance spectra of the two electrodes was
observed after one cycle. Both the two impedance
spectra showed one semicircle in the high frequency
region, which is assigned to the charge transfer resistance,
and a line inclined at approximately 45° in the low
frequency region represents the Warburg impedance,
which is associated with the lithium ion diffusion in the
bulk of the active material. The equivalent circuit
proposed to fit the Nyquist plots is shown in the inset of
Fig. 10(a), where Rqis the electrolyte resistance; R is the
charge-transfer  resistance; CPE, and Z, are the
constant phase eclement and Warburg impedance,
respectively. The R is 41 and 83 Q for nanoparticle and
as-prepared AMV, respectively. It is clearly shown that
the charge-transfer resistance of the electrode was
decreased by decreasing the particle size. Figure 10(b)
shows the pressure dependence of electrical
conductivities of as-prepared AMV and nanoparticle
AMV. The nanoparticle AMV exhibited higher electrical
conductivity than the as-prepared one. This further
demonstrates  that the improvement in  the
electrochemical performance of the electrode should be
due to the increase of the electrical conductivity by
decreasing the particle size to nanoscale.

4 Conclusions

Polyoxovanadate AMV is synthesized with pure

phase. The nanoparticle AMV can be prepared by
re-precipitation from the water solvent with assistance of
ethanol, which shows higher discharge capacity because
of the smaller equivalent mass of cation NH,". The
nanoparticle AMV exhibits excellent rate capability at
5C. It should be noted that the available energy density at
0.5C for nanoparticle AMV is twice higher than that of
the conventional lithium transition-metal layered oxides
(e.g., LiCo0,), suggesting that the POMs with improved
electrochemical performance would be a promising
alternative as the cathode materials for lithium ion
battery.
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