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Abstract .
reactions by variations in the proportions of LiFePO, and Li,V, (PO, );. The properties of the prepared com-

A series of x LiFePO,yLi, V, (PO, ) ; composites were systematically synthesized through solid state

pounds were investigated using X-ray diffraction ( XRD) ,scanning electron microscopy (SEM) and electrochem-
ical measurements. The capacity of 162.7 mAh-g~" at 0. 2C rate was obtained with the relatively good cycle sta-
bility and good conductivity for 0.95LiFePO,-0.05Li,V, (PO, ), due to more uniformed distributed and smaller

particle sizes.
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1 Introduction

Lithium ion batteries have been attracted more
and more attention for high energy density and high
working voltage. In commercial batteries, transition
metal oxides with layered structure such as LiCoO,
have been used as cathode materials extensively.
However, the high costs, limited storage and toxicity
prohibit its usage in large-scale applications. For the
usage of batteries in hybrid electric vehicles, it re-
quires better stability and more safety as mobile ener-
gy sources,but it is just the fatal to all layered struc-
tural compounds. In the search for substituting, phos-
phates such as LiFePO, have been recognized as
promising positive electrodes because of their environ-
mental benignity,low cost,high theoretical capacity of
170 mAh- g '""!. The olivine structure belongs to a
general family of “polyanion” compounds containing
“ anion ”  structural units

compact tetrahedral
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(X0,)" (X =P,S,As,Mo or W) with strong cova-
lent bonding, networked to produce higher-coordina-
tion sites such as oxygen octahedral that supplies bet-
ter thermal stability' > In the contrary, LiFePO, ma-
terials showed low electronic conductivity (107" ~
107° S-em™") and poor Li-ion diffusivity'**!. There
are two effective ways which have been tried to im-
prove the electronic conductivity and Li-ion diffusivi-
ty: one is to coat additions, such as conductive nan-
opowders or carbon black powders,onto the surface of
the particles that could synthesize small sizes' "' ; the
other is to dope with some supervalent cations to im-

prove the conductivity >**'°'. With the same problem,

a NASICON-related structure a-Li,V, (PO, ) ; exhibited

a nearly theoretical capacity of 197 mAh-g ™',

The LiFePO,-based materials with the addition of

Li;V, (PO, ), showed a promising electronic conduc-

[13-15]

tivity . By now, little attention has been paid to
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systematically study the different characters of xLiFe-
PO, - yLi,V, (PO, ) ; composites caused by the variety
of proportion of LiFePO, and Li,V, (PO, ), systemati-
cally. In this work an attempt was made to prepare a
series of xLiFePO, - yLi,V, (PO, ), and to investigate
the effects of different contents of Li, V, (PO, ), on the
microstructure and electrochemical performance of the

materials.

2 Experimental

Compounds of xLiFePO,- yLi,V, (PO, ), were
synthesized by solid state reactions. Stoichiometric a-
mounts of LiOH- H,0, FeC,0,-2H,0, NH,VO, and
NH,H, PO, were ball milled in ethanol for 4 h. The
precursors were mixed together and formed into pow-
ders by the spray-dry method. After transferred to a
temperature-controlled tube furnace equipped with
flowing nitrogen ,these mixed powders were firstly pre-
decomposed at the temperature of 350 °C , subsequent-
ly calcined at 700 °C for 12 h, then cooled to room
temperature. The pure LiFePO, and Li; V,(PO,); were
synthesized by the same method.

The crystal structures of the prepared powders
were investigated by X-ray diffraction (XRD) using a
D8 X diffractometer ( Bruker Co. Germany) with Cu
K, radiation from 20 =10° to 70° at a step of 0. 02°.
The morphology and composition of the samples were
determined using a Hitachi S4300 scanning electron
microscope equipped with the energy dispersive spec-
trometer (EDS, Genesis Apex).

The electrodes consisted of 80% prepared pow-
ders,10% carbon black powders,and 10% polyvinyl-
idene fluoride in 1-methyl-2-pyrrolidinone solvent. Af-
ter drying in an oven at 80 °C overnight, the elec-
trodes were assembled into coin-type cells and then
the cells were performed between 2.5 ~4.5 V. Glass
fiber separators were placed between the electrodes

and lithium metals which were used as the anodes.
3 Results and Discussion

3.1 Structural Analysis

The XRD patterns of all the prepared powders
are given in Fig. 1. For the patterns with y =0 and y
=1. 0, pure LiFePO, and pure Li,V, (PO, ), were

prepared without mixing their precursors. According to
the sharp peaks in the patterns, both of them were
well crystallized. There were no other peaks except an
olivine phase with ordered orthorhombic structure be-
longing to the space group Pnmb with y = 0. 05. The
same result was also found by Yan'"*! and Wu'"™®'. No
obvious characteristic peaks of Li, V,(PO,) ; were seen
in the sample of ¥ =0. 1. The impurity of Li;PO, ob-
served was attributed to V> * and Fe’" doped in LiFe-
PO, and Li, V,(PO,), ,respectively *'. The character-
istic peaks of Li;V, (PO, ), became more apparent o-
ver y =0. 2 and still accompanied by the impurity
Li, PO,.
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Fig.1 XRD patterns of xLiFePO,- yLi, V, (PO, ), compos-
ites with different proportions of y
A.20 from 10° to 70°; B.26 from 15° to 40°

3.2 Morphological Examination

Small particle size and uniform size distribution

would lead to promising electrochemical performance,
[20]

cycle stability and high rate capacity ™. Fig. 2 shows

the SEM images of xLiFePO,- yLi,V, (PO, ), com-
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pounds. The particles with y =0. 05 ( Fig. 2B) ap-
peared well distributed with the similar shapes and

size ranging 100 ~200 nm. Moreover, the regular mor-

phology and lack of agglomeration could improve the

[21]

tap density

SEM images of xLiFePO, - yLi;V, (PO, ); com-
pounds with different proportions of y

A.y=0; B.y=0.05; C.y=0.1; D.y=0.2;
E.y=0.3; F.y=0.4; G.y=0.5; H.y=0.6;
LLy=0.7; J.y=0.8; K.y=0.9; L.y =1.0

Over y =0. 5 (Fig. 2G), all the morphologies
were similar with the particle sizes being more than
200 nm. The particles agglomerated forming secondary
particles,, which are independent of different propor-
tions. The particle sizes of pure LiFePO, ( Fig. 2A)
were smaller than those of pure Li,V, (PO, ), ( Fig.
2L) and the compounds more and more showed the
characteristics of Li, V, (PO, ), with the increasing of
y in the proportion. This agreed well with the XRD re-

sults.
3.3 Electrochemical Properties

Fig. 3 compares the electrochemical performances
of all xLiFePO, yLi,V, (PO, ), compounds at 0. 2C
rate. The discharge capacity strongly depended on the
proportions of y. In the case of the pure LiFePO, sam-
ple ( Curve a) ,the discharge capacity was 151 mAh-
g~",which is close to the theoretical capacity of 170

mAh- ¢ ~'. It was found that two lithium ions were just

extracted at the voltages of 3.64 and 4.09 V (vs. Li/
Li*) in the range of 2.5 ~4.2 V') The theoretical
capacity of Li;V, (PO, ), in the same potential range
is 133 mAh-g". The discharge capacity of the pre-
pared pure Li,V, (PO, ), was about 112 mAh- g~
reaching 85% of the theoretical capacity with the
standard potential plateaus 3.4 V for pure LiFePO,
and 3.65, 3.7 and 4.1 V for pure Li,V, (PO, ), *".
At ¥ =0.05 (Curve b) the best performance was ob-
served with 162. 7 mAh - ¢~' at 0. 2C rate, which
might be contributed by the small particle sizes and
well distributed particles ( Fig. 2B). In addition, the
proper proportions of x and y could form conductive
phase that will not only impede the grain growth dur-
ing sintering, but also give the particles more electron-
ically conductive' "', The capacity started to drop dra-
matically with the Li,V, (PO, ), contents increased
beyond 10% , that was partly due to the impurity of
Li, PO, as indicated by XRD (Fig.1).
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Fig.3 Discharge capacities of xLiFePO, - yLi,V, (PO, ),
compounds at 0. 2C rate and room temperature
a.y=0; b.y=0.05; c.y=0.1; d. y=0.2;
e.y=0.3; f.y=0.4; g.y=0.5; h.y=0.6;
.y=0.7;j.y=0.8; k.y=0.9; 1.y=1.0

The discharge profiles of xLiFePO, - yLi,V,
(PO, ); compounds with various current densities at
room temperature are presented in Fig. 4. The curve b
(y=0.05) exhibited better rate capability. The re-
versible capacities of 147.7,122.3 and 87.4 mAh-

1

g~ were obtained at 1,5 and 10C, respectively. To

our knowledge,the electronic conductivity of the pure
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Fig.4 Capacities of xLiFePO,- yLi, V, (PO, ); compounds at different rates and room temperature
b.y=0.05; d.y=0.2; f.y=0.4; g.¥y=0.5; i.y=0.7; k.y=0.9
A. discharge at 1C; B. discharge at 5C; C. discharge at 10C
LiFePO, is very low'>®'  however, the 0. 95LiFePO, - 160 -
0.05Li,V, (PO, ) ; compound behaved inspiringly well T pe - S—
in the rate discharge capacity. This suggested that the fE 120 - R U
smaller particle size and Li, PO, impurity might deter- §
mine the electrochemical properties of xLiFePO, g 80| Seren o
<
yLi,V, (PO, ), compounds. Yamada'®' and Chia- e
G
ng'®’ reported that the particles with the same size g 40
o . . 2z
had exhibited nearly similar electrochemical behav- R S o0 L W . >
iors. 0Lt | | I I I |
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To further examine the cycle performance of 0.95
LiFePO,-0.05Li,V, (PO, ), compound, the long-term
charge/discharge cycling tests at different current
rates were performed and the results are given in Fig.
5. 1t is evident that almost no capacity fading was ob-
served after 50 cycles.

Fig. 6A shows the TEM image of 0. 95LiFePO, -
0.05Li,V, (PO, ), composite. The particle sizes were
about 200 nm, which is consistent with that observed

from SEM . The EDS spectra obtained from the framed

Cycle number

Fig.5 Cycle life of 0.95LiFeP0O,-0.05Li, V, (PO, ) ; com-

pound at different rates

regions 1 and 2 in Fig. 6A are also shown in Fig. 6B
and C,respectively. The existence of Fe,P and O ele-
ments only seen from Region 1 in Fig. 6A indicated
the presence of LiFePO,. The appearance of V,P and
O elements without Fe element in Fig. 6C confirmed

the presence of L,V, (PO, ), in the composite.
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Fig.6 TEM image of 0. 95LiFePO,- 0. 05Li,V, (PO, ), composite (A) and EDS patterns of the framed regions(B,C) taken

from A

4 Conclusions

The xLiFePO,- yLi,V, (PO, ), composites were
systematically synthesized at 700 °C for 12 h in nitro-
gen atmosphere by solid state reactions using LiOH -
H,0,FeC,0,-2H,0,NH, VO, and NH,H,PO,. The i-
mpurity of Li;PO, occurred in the compounds over y
=0.1 and over y =0. 2, the characteristic peaks of
Li,V, (PO, ), became more obvious. The proper pro-
portions of x and y were helpful to form conductive
phase. The 0. 95LiFePO, - 0. 05Li,V, (PO, ), com-
pound showed more uniform distributed particles and
smaller particle sizes than other compounds. The ca-
pacities of 162.7,147.7,122.3 and 87.4 mAh- g™

were achieved at 0.2,1,5 and 10C rates, respective-

ly.
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