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Abstract

LiFe;_xCoPO, (0 < x < 1.0) solid solutions were prepared by solid-state reactions. X-ray diffraction and X-ray photoelectron spectroscopy
were employed to analyze the variation of their structures and the chemical environments around the P and O atoms of the solid solutio
with various Co contents. The electrochemical performance of,Lig®PO, was also comparatively studied with cyclic voltammetry, and
galvanostatic charge—discharge.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction trochemical performances as cathode materials for lithium
ion batteries.

In recent years, considerable attention has been paid to
develop cathode materials for lithium ion batteries with high
capacity, safety, and reliability. Since the pioneering work 2. Experimental
of Goodenough and coworkef$] on LiFePQ, much ef-
fort has been made to improve the performance of this ma-
terial [2—-12]. Other LIMPQ; (M =Co, Mn, and Ni) olivine-
structured materials have also been investigated as attractiv
cathode candidates due to their higher theoretical capacity
and/or energy density than that of LiFeP[@3-16] Among
these materials, LiCoPQs expected to have a high energy
density due to its 4.8V discharge plateau.

In addition to the olivines with single transition metal
atoms, olivine solid solutions are become attractive re-
cently. For example, the charge—discharge profiles of
LiFe;_xMnyPOy [17—-21]show two pairs of voltage plateaus,
one at 4.1V and the other at 3.5V, corresponding to the
conversions of MA* <> Mn3* and F&* <> Fe**, respectively.
However, some of these solid solutions have obvious amount
of LigPOy impurity [22].

In this paper, we will report the preparation of a series of
pure LiFg_yCoPOy solid solutions and evaluate their elec-

LiFe;_xCoPOy (0<x<1.0) was prepared by solid
state reactions. Stoichiometric amounts of F®G2H,0
499%, Aldrich), Co(AC»-4H,O (99%, Beijing Chemi-
cals), NHyH>P Oy (99.5%, Beijing Chemicals) and LiR23]
(99.99%, Beijing Chemicals) were mixed and ball-milled for
3 h. The mixture was sintered in a tube furnace with flowing
Ar—H> mixture (92:8, v/v) at 400C for 8 h. After cooled
down to room temperature, the samples were re-ground and
kept at 600 C for 24 h in the same atmosphere.

LiFe;_xCoPOy electrode was prepared with
LiFe;_xCoPQy, carbon black and polyvinylidene flu-
oride (PVDF) at a weight ratio of 75:15:10 with Al foll
as the current collector. Lithium foil was used as the
counter electrode, 1 moH! LiPFg dissolved in ethylene
carbonate/dimethyl carbonate (1:1, v/v) as electrolyte, and
Celgar® 2300 as the separator. Test cells were assembled
in an MBraun glove box filled with pure argon. The cell
was cycled between 2.0 and 4.95V on a Land battery tester
mpondmg author. (Wuhan, China) at room temperature. The ce_zll was first

E-mail addressesvangzx@aphy.iphy.ac.cn (Z. Wang), charged to 4.95V at a constant current density and then
lgchen@aphy.iphy.ac.cn (L. Chen). kept at that voltage until the current density faded to less
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Fig. 1. The XRD pattern of LiFe xCoPOx.
P2p,,
than 0.1 mA g?. Cyclic voltammetry (CV) was carried out
between 2.7 and 5.2V at a scan rate of 0.05m¥en . Licoro
CHI660A electrochemical workstation at room temperature. = ik
D/MAX-RC X-ray diffractometer (XRD) with Cu I ra- g LiFe, G0, PO,
diation was used to characterize the structure and phase purity 5 _
of these materials. X-ray photoelectron spectroscopy (XPS) = LiFe, 500,70,
analysis was carried out on Sigma Probe (Thermo VG Sci- LiFe, .Co, PO,
entific Co. Ltd.) to probe the chemical environments around
the O and P atoms in the material.
138 136 134 132 130
(b) Binding energy, eV

3. Results and discussion
Fig. 3. The XPS spectra of O 1s (a) and R,2[b).
Fig. 1 shows the XRD patterns of LifrexCoPOy solid
solutions. All samples show well-defined olivine structures.
No diffraction peaks belonging to 3P0, are recognized
in the XRD patterns of the LiFeRQ LiCoPQy and their
solid solutions. Both LiFeP9and LiCoPQ show ordered
olivine structures belonging to orthorhombic pnmb. Calcula-
fion indicates hal ihe difference of ltlice Constants beMWeeNby xps Fig, 3. The O L peak of LiFePQs at 533.2 and
5 Very a=10.324,b=0.0A is enhanced with increasing Co content in the solid solution

C:4-69'°6\ andV= 2?0-9A3 for LiFeEQ versusa=10.20A, (Fig. 3a). It reaches 533.7 eV in LigeCaygPOy but then
b=5.92A, c=4.70A andV = 283.8A3 for LiCOPQy. decreases when the Co content is further increased. The O
Fig. 2 shows the dependence of the orthorhombic lattice 1s peak is at 533.1 eV for LiCoROThe changing rule of P
parameters on the Co content. Theand b values of the  2p,;, binding energyFig. 30) is the same as that of O 1s.
Clearly, LiFg) 2Cag POy shows the highest O 1s binding

prepared samples vary linearly with the increasing Co content
except for that of the LikgxCag gPOy4 which deviates from
the linear relationship.

The variation of the chemical environments of O and P
in the solid solutions with different Co contents is studied

10.32F energy in all the samples. Considering that the dependence
10:28}- \\ of its cell parameters deviates obviously from the linear rela-
10.24 Axis a . . . .
o 0L tionship ofa or b versus the Co content, it seems that0.2
£ wnil is a critical point for the properties of the material. The obvi-
% 6.00L ous deviation of LiFg2Cop gPOy is tentatively attributed to
S 596} M the change of M-O (M =Fe, Co) interaction at different Co
g e contents.
- The CV curves of LiFePQ LiFeysCoysPO; and
- :'Zg P e . . LiCoPQy are compared ifrig. 4. As the electrolyte will be
4.64 b severely decomposed above 5.0V, the charge cut-off voltage
0001 02 03 04 0506 0708 09 10 issetat4.95Vforthe CVand4.90 V for the charge—discharge
x in LiFe Co PO, cycling. As shown inFig. 4, the oxidation-reduction peaks

of LiFePQy and LiCoPQ are centered at around 3.5 and
Fig. 2. Variation of the lattice constants as a functioriofLiFe; xCoPOy. 4.8V, respectively. Two pairs of peaks are found in the CV of
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Fig. 4. The CV curves of LiFe xCoPOs, x=0, 0.2, 0.5, 0.8, 1.0. The cells Fig. 5. The charge (A) and discharge (B) plateaus of LikE0 PO, with
were cycled between 2.7 and 5.2V at a scan rate of 0.05ThV s x=0,0.2,0.5,0.8, 1.0.

LiFeg.5Cay.sPOy. Similar to LiFg_yMnyPQy, the peaks near
4.8V are the reaction of G6/Cc>", and Ehe peaks around g5 g gis153,138, and 119 mAY respectively. The contri-
3.4V correspond the reaction of £ére**. This indicates _ bution of the reaction G8 <> C&** to the capacity should be
that Co and Fe are oxidized or reduced subsequently du”ngaround 110mAg! for LICoPQy, assuming that the contri-
charge and discharge. This also verifies that b#&0o.sP 0y bution of the F&" <> F€** conversion in solid solution is the

(and analogously other LifexCo/PO materials here) is  game a5 in LiFeP This indicates that more capacity from
a solid solution. Meanwhile, the redox potential of the C?* < Co3* conversion can be utilized or this conversion
.34 : . o .
Fe*'/Fe’ couaale 53}00 mV higher than in LiFeRQvhile 5, he more complete in the solid solutions than in LiC@PO
that for the Co™/Co”" couple is about 100 mV lower thanin 14 reason might be that the potential for théCe Co3*
L_|CoPO4._In this Sense, the SOl'd_ solution is d_|fferent from a reaction is lower in the solid solution than in LiCe@nd this
simple mixture of LiFeP@and LiCoPQ. The interference 4 tion finishes below the charge cut-off voltage.
between Co and Fe changes the Fermi level or the structure The cyclic performance of LiRexCoPQy is shown
of'the energy.bgnd of each obviously. This e'xplains the vari- in Fig. 6. The cells were cycled at a current density of
ation of the biding energy of O 1s and P12pin the above 10mAg L. LiFePQ and LiCoPQ exhibit poor cyclic per-
XPS study._ ) L ) formance, only 76.2% and 58.2% the capacity of the first
Table 1llists the reduction and oxidation potentials of the cycle can be remained after 20 cycles for LiFaP&nd
series of materials in CV curves. , _ LiCoPOQy, respectively. On the contrary, the solid solution
The charge profiles of the solid solutions are compared in samples keep a rather high capacity in 20 cycles, remaining

Fig. 5A. All the cellslvve_re charged to 4.90V atthe same cur- gg 401 of the original capacity for LikgCap 2POu, 86.3%
rentdensity, 2mAg-. LICoPQ; shows the lowest chargeca- ¢, LiFeo 5C0n.sPOs, and 88.1% for LiFg,Caop sPOy. Par-

. 1 .
pacity (135 mAh g-) with a voltage plateau at4.90 Viorthe  y;oq cracking is one of the reasons for the capacity loss of

+ + ; : . :
Cc?* — Ca** conversion. In the solid solutions wittr 0.2, LiFePQ, [24]. Electrolyte decomposition should be another

0.5 ar\d 0.8, thi§ pIateag shifts to 4.82, 4.78, and 4.75V re- reason for the capacity fade of the solid solutions as well as
spectively, consistent with the above CV results. for LICOPOy.

The discharge profiles of the solid solutions are shown
in Fig. 5B. LiFePQ, has a capacity of 164 mAd, close

ity (165 mA g-1). The capacity of LiFe_yCoPOs atx=0.2,

to its theoretical capacity (170 mA ). However, LICoPQ o
exhibits only a capacity of 85mAd with a discharge 140} :i::::‘l\..,_.__.
plateau around 4.74 V, much lower than its theoretical capac- R S g T S
1200 . R == N
—y—v—Y—y.
o TY—y—v¥.
Table 1 < 100} B e
Comparison of the redox potentials of solid solutions with different Co E_ 80l
contents %‘ :
@ gol —"—LiFePO
F62+ <> Fé"’ C02+ <> C03+ § —— LiFEg_BCBMPq
Charge Discharge Charge Discharge 40| —4—LiFe, Co, PO,
Cop 3.526 3.310 20| e t!(F;e"ﬁgo“‘“PO"
Cous 3.612 3.344 4.755 4.642 it I S
C . 3.631 3.374 4.840 4.667 0 8 6 ° 21 1e A
%5 : : : : Cycle number, n
Coog 3.673 3.378 4.999 4.682
Coro - - 5.087 4.687

Ei

g. 6. The cyclic performance of LifexCoxPOy.
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