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Abstract

LiNiIPO4—LiCoPQ, solid solutions were investigated as potential cathodes for use in Li-ion batteries. Cyclic voltammetry and discharge
curves reveal that the discharge capacity of the LINJFIGCoPQ solid solutions is associated entirely with the’3€aCo** redox couple
at a potential of 4.7-4.8 V. The effect of Ni is to reduce the length of the 4.7-4.8 V plateau.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cathode; Li-ion batteries; Olivine; Phosphates; Solid solution

1. Introduction LiNiPO4 have shown that no Li can be discharged when it
was charged to 5.2 Y1,3].

Recently, there has been interest in the use of lithium It is the purpose of this short paper to investigate the ef-
transition metal phosphates with an ordered olivine struc- fects of: (1) adding LiCoP@and (2) charging to higher po-
ture, LIMPQ, (M = Fe, Mn, and Co), as potential cathodes tentials (>5.2V) than previously investigat§t3], on the
for Li-ion batterieg1-9]. The main problem with the above discharge behavior of LiNiP9 LiCoPQy was chosen for
phosphates is their poor rate capabifity-3,6,8—10] This is the following reasons: (1) it has been recently shown that the
attributed to low Li-ion diffusion and/or low electronic con- electrical conductivity of a LiNjsCay5POs solid solution
ductivity [1-10]. Previous attempts to increase the rate have was an order of magnitude higher than that for LINFHCR2]
primarily focused on decreasing particle s[8¢9], carbon and (2) of the lithium transition metal phosphates; LiFgPO
coating of the particle surfadé,11] and lattice doping with LiMnPO4 and LiCoPQ, LiCoPQ, has the highest redox po-
aliovalent cation$10]. There is another possible method to tential, thus a LiNiP@Q-LiCoPQ solid solution will have
improve rate, which has received less attention, which entailsthe highest energy density of the three possible solid solu-
increasing Li-ion diffusion12]. This involves the forma-  tions (i.e., LINIPQ-LiFePQ) since, the theoretical capac-
tion of a solid solution between two lithium transition metal ity for LiFePQy, LIMNPO,4 and LiCoPQ is about the same,
phosphates (i.e., LIMnPELiFePQ) where the conductiv-  ~170 mAh/g[1-9].
ity (Li-ion diffusion) of one end member (i.e., LiFeRDis
higher than that of the other end member (i.e., LiMnP&D
that the resulting solid solution (i.e., LIMNROLIFEPQy) 2. Experimental

will have enhanced conductivity compared to the lower con- ) ) ) ) )
ductivity end membef2,12]. The materials investigated in this study were: (1)

The potential of the N*/M2* redox couple versus Li of ~ LINIPO4, (2) LiNiogC002PQy, (3) LiNigsCosPOs, (4)
the above materials is as follows; 3.5V for LiFeP@.1V LiNi92C00gPOy and (5) LiCoPQ. Powders of these ma-
for LIMNPO, and 4.8V for LiCoPQ [1-9]. In addition, terials were obtained using a two-step solid-state reaction
there is another member of the LiMR@eries, LiNiPQ, method. In the first step stoichiometric amounts of NiO,
which has been postulated to have a higher redox potentialCoO and LirbPO, were mixed in a jar mill for two hours

(~5.2-5.4V/[1,4,13) than LiCoPQ. Previous studies on and then heated at 378 for 20 h in air. The powders were
then crushed and ground and pressed into a pellet. The

pellet was fired in air at 778 for 48 h. After which the
powders were crushed and ground and sieved to less than

* Corresponding author. Tek:1 301 394 0317: faxs+-1 301 394 0273.  45pm. The powders were characterized by X-ray diffrac-
E-mail address: jwolfenstine@arl.army.mil (J. Wolfenstine). tion using Cu kx radiation.
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The electrochemical behavior of the LiINIREQ.iCoPQ,

cathode materials was accomplished using coin cells with
metallic lithium as the anode. Cells were subjected to cyclic

voltammetry and galvanostatic cycling. Cyclic voltammetry

was used only as a guide to whether Li insertion/de-insertion
occurred. For cyclic voltammetry all cells were scanned at

arate of 0.2 mV/s. The LiCoP{xells were cycled between
3.5 and 5.3V, for LiNiPQ the cells were cycled between
3.5 and 6.0V and for the LiNiP£-LiCoPQq solid solutions

the cells were cycled between 3.5 and 5.8V. For the case

of galvanostatic cycling the LiCoRells were charged to
5.3V, for LiNiPOy the cells were charged to 6.0 V and for the
LiNiPO4—LiCoP(, solid solutions the cells were charged to
5.8 V. All cells were discharged to 3.5V. All charging and
discharging was at a constant current density qi.Bcm?.

A typical cathode was prepared by mixing 78 wt.% active
powders, 12wt.% carbon and 10 wt.% polyvinylidene fluo-
ride dissolved inN-methylpyrrolidinone. The mixture was
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Fig. 2. Cyclic voltammogram for LiNiP@at a scan rate of 0.2mV/s.

terial, NiO/CxO4/Li3POy, was estimated to be less than 5%

coated onto an Al substrate. The cathodes were dried undeffor all materials) having an ordered olivine struct{#@].

vacuum at 100C for 20 h. The electrolyte solution was 1 M
LiPFg:ethlylene carbonate/dimethyl carbonate (1:1 by vol-
ume) for LiCoPQ. For LiNiPO4 and the LiNiPQ-LiCoPQy
solid solutions the electrolyte was 1 M LipRetramethy-

Figs. 2—4show the cyclic voltammograms for LiNiRO
LiCoPOy and LiNigsCoysPOs. FromFig. 2it can be seen
for LiNiIPO4 that there are no significant reduction or ox-
idation peaks in the range 3.5 to 6.0V. This is in good

lene sulfone. Tetramethylene sulfone was used because ofgreement with previous results at lower charging poten-

its high oxidative stability (around 5.8V versus [1i4]).

3. Results and discussion

X-ray diffraction patterns for the LiNiPg LiNig5Cops
PO, and LICoPQ powders after heating at 778 are shown
in Fig. L FromFig. 1it can be seen that the patterns are
similar. The X-ray diffraction patterns for LilNgCap 2POy,
and LiNip2Coy gsPO4 were similar to those shown rig. 1

tials [1,3]. The cyclic voltammogram for LiNigCoy2POy
also exhibited no reduction or oxidation peaks in the range
3.5 to 5.8V. FromFig. 3 it can be seen that in contrast
LiCoPQOy exhibited a significant reduction peak around
4.6V and an oxidation peak around 5.1V. This result is in
good agreement with previous cyclic voltammetry investi-
gations on LiCoP@ [3,5]. The cyclic voltammogram for
LiNi 95Cog5POy is shown inFig. 4 FromFig. 4it can be
seen that the cyclic voltammogram for L{NCoysPOy is
similar to that for LiCoPQ (Fig. 3), in that there is a large

The diffraction patterns for all five materials can be indexed reduction peak around 4.7V and an oxidation peak around
to a single-phase material (the amount of second phase ma5.2V. The cyclic voltammogram for LiNbCopgPOs was
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Fig. 1. X-ray diffraction patterns for (A) LiNiPQ (B) LiNigs5Cops5POy
and (C) LiCoPQ.

similar to that exhibited by LiNjsCoysPOs and LiCoPQ,
in that a reduction and oxidation peak was observed around
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Fig. 3. Cyclic voltammogram for LiCoPfat a scan rate of 0.2mV/s.
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11— at 4.7-4.8V is in good agreement with previous results for
the CE+/Co?* redox couple in LiCoP@ [3-6]. Thus, it
-400 - appears that Ni additions do not effect the3CtC? re-
300 L i dox potential. Fourthly, the discharge capacity for LiCQPO
“g of 74mAh/g is in good agreement with previous results
é’ =200 - 4 for LICoPOy of 70—100 mAh/g3-6]. Fifthly, the discharge
e capacity decreases almost linearly as the amount of Co
< -100 - . decreases (Ni increases) for the Co-rich solid solutions.
E 0k ] For example, the capacity of LippCopgPOy is around
5 58 mAh/g versus the predicted value of 59 mAh/g (2.84
100 - =59) and for LiNp5C0opsPOy is about 35mAh/g versus
the predicted value of 37 mAh/g (056 74 = 37).
200 ] The cyclic voltammetry and discharge results reveal that
300 bt the discharge capacity of the LiNiRELICoP, solid solu-
3 3.5 4 4.5 5 5.5 6 tions is associated entirely with the &dCo?* redox couple
Voltage (V vs. Li) at a potential of 4.7-4.8 V. The effect of Ni is to reduce the

length of the 4.7-4.8 V plateau and hence, discharge capac-
Fig. 4. Cyclic voltammogram for LiNisCopsPO; at a scan rate of  jty, The addition of LiCoPQ to LiNiPO, did not allow the
0.2mVis. Ni3+/Ni2*+ redox couple to be achieved even after to charg-
ing to as high as 5.8-6.0 V. It is possible that théMNi2*
4.6 and 5.1V, respectively. The cyclic voltammetry results plateau was not observed because the conductivity of the
suggest that even after charging to as high as 5.8-6.0V,LiNiPO4—LiCoPQy solid solutions is still not sufficient.
LiNiPO4 and LiNig.gCop2POy, will exhibit no discharge One way to increase the conductivity would be to form
capacity, whereas LiNisCopsPQy, LiNig2CopgPOs and LiNiPO4—LiMnPO, or LiNiPO4—LiFePQ, solid solutions
LiCoPQ, will have capacity on discharge with a plateau whose electrical conductivity is at least one to two orders of
voltage around 4.6-4.7 V. magnitude higher than for LINiP&SLiICoP(, [12]. How-
The first discharge curves after initial charging for ever, itis anticipated that even these solid solutions still will
LiNiPO4, LiNiggCop2POs, LiNig5C0og5POs, LiNig2Cog not have adequate conductivity to observe the K%t re-
POy and LiCoPQ are shown irFig. 5. FromFig. 5several dox potential. More likely methods to observe thé NNi2*+
important points are noted. Firstly, the discharge capac-redox potential involve decreasing the particle size to
ity for LiNiPO4 and LiNipgCaop 2P0y is almost nothing nano-scale and/or carbon coating and/or lattice doping.
(<5mAh/g). Secondly, no plateaus above 5.0V are ob-
served for LiNiPQ or any of the LINIPQ-LiCoPQ, solid
solutions, where the Rt/Ni%t redox couple would be ex- 4. Conclusions
pected £5.2-5.4V[1,4,13). Thirdly, a discharge plateau
for LiNi g5Coy5PQy, LiNig2CopgPOs and LICoPQ is ex- LiNiPO4—LiCoPQy solid solutions were investigated as
hibited and is at the same potential, 4.7-4.8 V. The plateau potential cathodes for use in Li-ion batteries. Cyclic voltam-
metry and discharge curves reveal that the discharge capac-
ity of the LiNiPO4s—LiCoP(Q, solid solutions is associated

6.5 e ‘A LiNipo entirely with the Cét/Co?* redox couple at a potential of
6k B LiNi Co PO | 4.7-4.8V. The effect of Ni_ is to reduce the length of the
_ C LiNi o PO 4.7-4.8 plateau. The Rii/Ni%t redox couple was not ob-
O 55 05 0S4 ] served for LiNiPQ or any of the LINIPQ-LiCoP(Q, solid
4 D LiNi, ,Co, PO, solutions even after charging to as high as 5.8-6.0V.
> 5 E LiCoPO, 4
]
g asf .
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