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ABSTRACT

The structural, magnetic, and electrochemical properties of the LiNi; _,Co,O, samples with x= 0, 0.05, 0.1,
and 0.25 have been investigated by powder X-ray diffraction analyses, magnetic susceptibility ()
measurements, and electrochemical charge and discharge test in non-aqueous lithium cell. According to
the structural analyses using a Rietveld method, the occupancy of the Ni ions in the Li layer was estimated
to be below 0.01 for all the samples and was eventually independent of x. The temperature (T) dependence
of y~! obtained with the magnetic field H=10kOe indicated that all the samples are a Curie-Weiss
paramagnet down to ~ 100K. At low T, all the samples entered into a spin-glass-like phase below T The
magnitude of Ty was found to decrease almost linearly with x, as in the case for the x dependences of the
lattice parameters of a,- and cn-axes, Weiss temperature, and effective magnetic moment. It is, therefore,
found that the change of the magnetic properties with x is simply explained by a dilution effect due to the
increase of the quantity of Co>* ions. On the other hand, the electrochemical measurements demonstrated
that the irreversible capacity at the initial cycle is drastically decreased by the small amount of Co ions.
Furthermore, the discharge capacity (Qg;s) for the x=0.05 and 0.1 samples are larger than that for the x=0
sample; namely, Qu;s=180mAhg~"! for x=0, Quis=217 mAhg~"' for x=0.05, and Qg;s;=206mAhg~" for
x=0.1. Comparing with the past results, the amount of Ni ions in the Li layer is found to play a significant

role for determining the magnetic and electrochemical properties of LiNi; _4C0,0,.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

In order to reduce carbon dioxide in an exhaust gas of
automobiles and improve their fuel consumption rate, lithium-
ion batteries (LIB) with high energy-density and long cycle-life
have been eagerly investigated since 1990’s [1]. In particular, a
development of new positive electrode materials is thought to
be crucial for LIB to increase the energy-density and to elongate
the cycle-life. Among many positive electrode materials, a
stoichiometric LiNiO, [2,3] and lightly Co-substituted LiNiO», i.e.
LiNi; _,Co,0, with x<0.25 [4,5], are attractive for the LIB
with high energy-density, because their rechargeable capacity
ranges about 170 mAhg~! below 4.2V. Since both LiNiO, and
LiCoO, adopt a layered structure with a space group of R3m,
LiNi; _xCo,0, is known to be a solid solution between LiNiO, and
LiCoO, in the whole x range [4-8]. This was evidenced by the fact
that the lattice parameters for LiNi; _xCo0,0, follow a Vegard’s law,
namely, as x increases from O to 1, the hexagonal Ilattice
parameters of ay- and cy-axes decrease monotonically [4,6-8].
This means that Ni*>* ions and Co®" ions distribute randomly in
the transition metal layer.
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However, magnetic susceptibility () measurements, which are
very sensitive to the (local)structure, exhibited a complex
magnetic nature especially for x<0.25 [7-9]. That is, the
temperature (T) dependence of y~! for the x=0.05, 0.10 and
0.15 compounds indicated the appearance of either a ferromag-
netic (FM) or ferrimagnetic component below ~ 200K [7],
although the y~'(T) curve for LiNiO, showed a Curie-Weiss
paramagnetic (PM) behavior down to ~ 100K [10]. Furthermore,
the effective magnetic moments (u.5) for these compounds were
found to be ~ 1.5 times larger than the predicted value (%),
under the assumption that Ni>* ions and Co>* ions are in the low-
spin state with S=13 (t5,e;) and S=0 (t5,), respectively [7]. This
implies that a large amount of Ni ions exists in the Li layer,
because y~!' for Lig76Nij 240, more specifically (Lig7Nig24)3p
[Ni]3,0,, decreases rapidly below 200K with decreasing T [10].
Indeed, it is proposed that the Ni ions in the Li layer produce an
FM interaction between the adjacent NiO, planes, whether the
additional inter-plane interaction between the Li layer and NiO,
plane is FM or antiferromagnetic (AF) [11]. The magnetic
anomalies on LiNi;_,Co,O, were also reported by other two
groups. Although LiNiO, was known to exhibit a spin-glass-like
transition at Tr~ 9K [12], Hirota et al. [8] reported that Tr does not
vary with x systematically; that is, Ty ~ 35 K for LiNiO,, but Ty ~ 50K
for the x=0.05 phase, and then Ty ~ 15K for the x=0.15 phase. On
the other hand, Gendron et al. [9] revealed a typical FM hysteresis
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loop for the x=0.2 compound below 80K. Consequently, the
magnetic nature of the lightly Co-substituted LiNiO, is still
controversial, despite extensive research efforts on LiNi; _,C0,0,.

Recently, we investigated the macro- and microscopic magnet-
ism for LiNi; _xCo,0, (x=0, 0.25, 0.5, 0.75, and 1) by both y and
muon-spin rotation/relaxation (4SR) measurements [13,14]. Here,
USR is very sensitive to local magnetic environment and is one of
the powerful techniques to detect both static and dynamic
internal magnetic fields caused by nuclear- and electronic-
magnetic moments [15]. As x increases from 0, p.; decreased
monotonously, as expected [13]. Moreover, the distribution
width of internal magnetic field(s) (4) caused by the frozen
but disordered Ni** moments was found to decrease exponen-
tially with increasing x [13]. These results were most likely
to suggest that the Co-substitution simply dilutes the magnetism
of the Ni ions. In other words, both Ni and Co ions distribute
homogeneously/randomly in the transition metal layer, even
in a muon-scale (within a few interatomic distances). On the basis
of our results, the magnetic nature of LiNi;_,CoxO, is, hence,
expected to vary with x monotonically, even for the compounds
with x <0.25, in contrast to the past reports [7-9].

A comparison between the magnetic nature for the x <0.25
compounds [7-9] and that for the x > 0.25 compounds [13] leads
to the complex/drastic change in the magnetism in the x range
below 0.25, probably due to the migration of the Ni ions to the Li
layer or the presence of short-range cation/magnetic order. Such
migration of Ni ions or short-range order would also affect their
electrochemical properties. We have, therefore, performed the
structural, magnetic, and electrochemical studies for the Li-
Ni; _xCo,0, samples with x=0, 0.05, 0.1, and 0.25 in detail, in
order to elucidate the inter-relationship between structural,
magnetic, and electrochemical properties with x <0.25. More-
over, we discuss the possibility of LiNi;_,Co,O, for a positive
electrode material for high energy-density LIB.

2. Experimental

Polycrystalline LiNi; _xC0,0, samples with x=0, 0.05, 0.1, and
0.25 were prepared by a solid-state reaction technique, as
reported previously [3,13]. The reaction mixture of LiNiOs, NiCOs,
and CoCO3 was well mixed and pressed into a pellet of 23 mm
diameter and ~ 5 mm thickness. The pellet was heated at 650°C
in an oxygen flow for 12h, and then ground and pressed into a
pellet again. Finally, the pellet was fired at 750°C in oxygen flow
for 12 h. The obtained LiNi; _,Co,O, powders were characterized
by a powder X-ray diffraction (XRD, RINT-2200, Rigaku Co. Ltd.,
Japan) measurement and electrochemical charge and discharge
test in a non-aqueous lithium cell. The Li/Ni/Co ratios were
determined to be 0.97/1.00/0 for x=0, 1.01/0.95/0.05 for x=0.05,
1.02/0.90/0.10 for x=0.1, and 1.04/0.76/0.24 for x=0.25, by an
inductively coupled plasma-atomic emission spectral (ICP-AES,
CIROS 120, Rigaku Co. Ltd., Japan) analysis.

The electrochemical reactivity was examined in a non-aqueous
lithium cell. In preparing the electrodes, polyvinylidene fluoride
(PVdF) dissolved in N-methyl-2-pyrrolidone (NMP) solution was
used as a binder. The black viscous slurry consisting of 88 wt%
LiNi; _xCo,0, powder, 6 wt% acetylene black, and 6 wt% PVdF was
cast on an aluminum foil with blade. NMP was evaporated at
120°C for 30 min, and finally the electrodes (& 15 mm) were dried
under vacuum at 150°C for 12 h. The lithium metal sheet pressed
on a stainless steel plate (@@19mm) was used as a counter
electrode. Two sheets of porous polypropylene membrane
(Celgard 2500) were used as a separator. The electrolyte was
1M LiPFg dissolved in ethylene carbonate (EC)/diethyl carbonate
(DMC) (3/7 volume ratio) solution.

% was measured using a superconducting quantum inter-
ference device (SQUID) magnetometer (MPMS, Quantum Design)
in the T range between 5 and 400K under magnetic field
H < 55k0e. y was also measured in the T range between 2 and
100K with H=10 and 100 Oe in both zero-field-cooling (ZFC) and
field-cooling (FC) modes. First, the sample was cooled in ZF from
100K, then a magnetic field was applied, and finally yz;c was
measured with increasing T from 5 (2) to 100 K. Subsequently, )gc
was measured with decreasing T from 100 to 5 (2) K. Electron spin
resonance (ESR) spectra were recorded by a ESP300E (Bruker)
spectrometer in the T range between 100 and 300K. The
gyromagnetic (g) factor of Ni and Co ions was determined with
respect to a MnO/MgO standard.

3. Results
3.1. Crystal structure of LiNi; _xCox0>

The crystal structure of the LiNi; _,Co,O, samples with x=0,
0.05, 0.1, and 0.25 was well assigned as a layered structure with
space group R3m. A small amount of Ni ions is, however, known
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Fig. 1. Rietveld analysis for the LiNi; _,CoxO, samples with (a) x=0, (b) 0.05, and
(c) 0.1. The observed (I,ps) and calculated (I, ) intensity data are plotted as points
and solid line in the upper field. The bar-code type indications show all the possible
Bragg reflections. The difference between I,ps and Ic,c is shown in the lower field.
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to unavoidably migrate from 3a site to 3b (Li) site especially for
x<0.2 [16]. A Rietveld analysis with RIETAN2000 [17] was,
therefore, performed in order to estimate the amount of the Ni
ions at the 3b site, i.e. ¢ in (Lij_gNigs);p[Nij_y_5C0x]3,02. Fig. 1
shows the results of the Rietveld analysis for the LiNi;_xC0,02
samples with (a) x=0, (b) x=0.05, and (c) x=0.1. First, we
assumed a perfectly ordered structure with ¢ = 0. This structural
model yielded a negative isotropic atomic displacement parameter
for the Li ion [Bjso(Li)]. This means that the real electron density at
the 3b site is higher than the expected [16]. The Rietveld analysis
was, hence, performed under the assumption that the Ni ions
occupy both 3a and 3b sites, while the Li ions locate only at the 3b
site and the Co ions at the 3a sites. Moreover, we assume that
there is no oxygen deficiency in the samples as reported
previously [3,16,18]. This is because the formal charge of oxygen
ion in LiNiO, is already reported to be —2 by an electron energy
loss spectroscopy (EELS) analysis [19]. The lattice parameters of
ap- and cy-axes decrease almost linearly with increasing x, as will
be seen in Fig. 6. On the other hand, the amount of o for the three
samples was found to be ~ 0.01, indicating that 6 is independent
of x (see Table 1). Here, we should naturally note the accuracy of &
estimated by XRD data. For the change of 6 with x will be
discussed later using the magnetization data.

3.2. Magnetic property of LiNi; _xCo0x0>

Fig. 2 shows the T dependences of y (=M/H) and y~! for the
LiNi; _xCo,0, samples with x=0, 0.05, 0.1, and 0.25 measured in
FC mode with H=10kOe. Although the appearance of either an
FM or ferrimagnetic component was reported below ~ 200K for
the x=0.05, 0.1, and 0.25 compounds [7], x~' decreases
monotonically with decreasing T down to ~ 100K, indicating a
Curie-Weiss (CW) PM behavior. For the PM state, a CW law in the
general form is written as

L Nugg ,
1= m"‘){o, (M

Table 1

where kg is the Boltzmann’s constant, T is the absolute
temperature, @p is the Weiss temperature, N is the number
density of Ni and Co ions, . is the effective magnetic moment of
Ni and Co ions, and y, is the T-independent susceptibility. Using
Eq. (1) in the T range between 200 and 400 K, we obtain the values
of pes and @, for the LiNi; _,Co,O, samples (see Table 2). The
value of pPff, which is the predicted y for the case that Ni** ions
in a low-spin state with S=1/2 (t3,eg), Co®* ions with S=0 (t5,),
and the g-factor of both ions is 2, is also listed in Table 2. The
observed . is larger than pPf, but note that the present
deviation of . from pPy is significantly small compared with
that reported in Ref. [7]. The discrepancy between p and ubf is
partially attributed to an enhancement of the g-factor caused by a
local Jahn-Teller (JT) distortion of the NiOg-octahedron, as in the
case for NaNiO; [20] and AgyNiO, [21]. In fact, ESR measurements
showed that the g-factor for LiNiO; is 2.13 4+ 0.03 in the T range
between 100 and 300K, which is almost consistent with the past
result for LiNiO, (g=2.17) [22]. The other contribution for the
deviation from pbF would come from spin-orbit couplings
through the Landé g-factor in the expression of p. =g+/J(J+1).
Here, ] is the total angular momentum consists of the spin S and
the orbital L angular momenta.

As seen in Fig. 2(a), as T decreases from 400K, y for all the
samples rapidly increases below ~ 100K, indicating the presence
of localized Ni moments. In order to elucidate the magnetic
behavior below ~ 100K, Fig. 3 shows the T dependence of y for
the LiNi; _xCoxO, samples with (a) x=0, (b) x=0.05, (¢) x=0.1,
and (d) x=0.25, measured in both ZFC and FC modes with H=10
and 100 Oe. For the x=0.05 sample, the y(T) curve almost traces
the ypc(T) curve down to ~ 10K, and then deviates from the
xzec(T) curve with further lowering T. Both ypc(T) and yzc(T)
curves show a maximum around 9.6 K, indicating the occurrence of
a spin-glass-like transition at Tr=9.6K. The y(T) curves for the
x=0.1 and 0.25 samples are essentially the same with those for the
x=0.05 sample, except for the magnitude of y and Ty (Tf=8.4K for
the x=0.1 sample and Ty=4.8K for the x= 0.25 sample). On the
contrary, the ypc(T) curve for LiNiO, deviates from the y,z-(T) curve

The structural parameters determined by the Rietveld analysis for the LiNi; _xCox0, samples with x=0, 0.05, and 0.1.

Sample Space group Atom Wyckoff position Occupancy (gocc)® X Y z Biso?/A2

x=0 R3m Li 3b 0.990(2) 0 0 1/2 0.5(2)
Nil 3b 0.010(2) 0 0 1/2 0.5(2)
Ni2 3a 0.990(2) 0 0 0 0.58(2)
0 6¢ 1.0 0 0 0.259(2) 1.39(4)

a,=2.8786(1)A and c,=14.1984(2) A

Rwp=9.68, Rg=2.80, and S=2.71

x=0.05 R3m Li 3b 0.989(2) 0 0 1/2 0.5(2)
Nil 3b 0.007(2) 0 0 12 0.5(2)
Ni2 3a 0.943(2) 0 0 0 0.48(2)
Co 3a 0.05 0 0 0 0.48(2)
0 6¢c 1.0 0 0 0.259(1) 1.23(5)

a,=2.8747(1)A and c,=14.1852(2) A

Rwp=10.85, Rg=2.79, and $=2.49

x=0.1 R3m Li 3b 0.989(2) 0 0 12 0.5(2)
Nil 3b 0.009(2) 0 0 12 0.5(2)
Ni2 3a 0.891(2) 0 0 0 0.46(2)
Co 3a 0.1 0 0 0 0.46(2)
0 6¢c 1.0 0 0 0.259(1) 1.23(5)

a,=2.8717(1)A and ¢,=14.1811(3)A
Rwp=10.97, Rg=3.26, and S=2.31

2 Constrains : gocc(Nil) + gocc(Ni2)=1 for x=0, gocc(Nil) + gocc(Ni2)=0.95 for x=0.05, Zocc(Nil) + goc(Ni2)=0.9 for x=0.1, and goc(Li)=1—goc(Nil).

b Constrains : B (Li)=B(Ni1) and B(Ni2)=B(Co).
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Fig. 2. (a) Magnetic susceptibility (y) and (b) inverse susceptibility (=) for the
LiNi; _xCox0, samples with x=0, 0.05, 0.1, and 0.25 measured with field-cooling
(FC) mode with H=10kOe.

Table 2
The effective magnetic moment (u.;), Weiss temperature (@), T-independent
susceptibility (y,), predicted effective magnetic moment (,uE?), and gyromagnetic

(g) factor for the LiNi; _xCo,O, samples with x=0, 0.05, 0.1, and 0.25.

X et (8)  Op () 5% 1072 (emumol™) i (up)*  g-factor”
0 2023)  512)  0.02(2) 173 2.13(3)
005 2033) 41(2) 0.07(1) 1.69 2.07(3)
01  206(3) 28(2) 0.02(2) 1.63 2.05(3)
025 184(4) 14(3) 001(2) 1.50 2.06(5)

2 uB was calculated by assuming that Ni** jons and Co®* ions are in the low-
spin state with S =1 (t5,e3) and S=0 (t3,), respectively, and g=2.
P The g-factor was determined by ESR measurements.

far above its T{=10.8K). The low-H measurements at 100Oe
enhances the deviation between the y-(T) and yz(T) curves, as
expected. Furthermore, there is a small cusp in the y(T) curves
around 30K. According to the past magnetic studies on LiNiO, with
H=10Oe, Tf is ~50K for the (Li0_95Ni0_05)3b[Ni0_95]3a02 compound
(5:005)[23] and Tf is ~40K for the (LiQ.96N10.04)3b [Ni0‘96]3002
compound (6 = 0.04) [24]. Therefore, the difference between the
Zec(T) and yzec(T) curves above Ty and the cusp near 30K are not
due to a formation of magnetic order but due to a small amount of
the FM components (below a few %) caused by the Ni ions at the 3b
site. Indeed, our uSR measurements on LiNiO, demonstrated that
LiNiO, is entirely in a PM state down to ~ 18K [14].

In the ideal LiNiO, lattice, only the approximately 90" Ni-O-Ni
bonds exist in the NiO, planes. However, the actual ionic
distribution of LiNiO, is represented as (Lil,g,,,,Niﬁj:w)yJ
[Ni3 *;Ni2 " Lix]5,02 [18], due to the presence of the Ni ions in
the Li layer. The Ni ions in the Li layer are, thus, considered to
introduce the FM component in the LiNi; _,Co,0, samples, based
on Goodenough-Kanamori rules [25]. Fig. 4 shows the M versus H
curves at (a) 20K and (b) 5K for the LiNi; _,Cox0, samples with
x=0, 0.1, 0.05, and 0.25, in order to check the amount of the FM
component. Although a M-H loop is clearly observed for the
samples with x < 0.1, the shape of the loop is not a typical FM-like,
but a ferrimagnetic-like, both above and below Ty That is, as H
increases from 0 kOe, M rapidly increases with changing its slope
(dM/dH) up to ~20KkOe, then increases almost linearly with
further increasing H. Moreover, the remanent magnetization M,
i.e. M at H=0kOe is less than 2 emumol "' for all the samples at
20K, and 16, 8, and 5emumol~! for the x=0, 0.05, and 0.1
samples, respectively, at 5K (see inset in Fig. 4). Note that M; at
5K is dominated by a contribution of spin-glass-like order,
because the M-H loop shown in Fig. 4(b) is usually observed for
a spin-glass-like phase. Since M, (20K) is almost independent of x,
the amount of § is considered to be not significantly altered with
Xx. This consideration is consistent with the result of Rietveld
analyses (see Fig. 1 andTable 1).

3.3. Electrochemical properties of LiNi; _C0,02

Fig. 5 shows the charge and discharge (C/D) curves of the
Li/LiNi; _xCo,O5 cells with (a) x=0, (b) 0.05, (c) 0.1, and (d) 0.25.
The cells were operated at a current density of 0.17mAcm ™2 at
25°C in the voltage range between 2.6 and 4.2V. The (/D curves
for LiNiO, exhibit a couple voltage plateau around 3.6, 4.0, and
4.2V, indicating that the crystal structure of Li,NiO, varies with y
[3]. That is, as y decreases from 1, a rhombohedral (R3m) phase is
stable down to ~ 0.75, whereas a monoclinic (C 2/m) phase is
stable in the y range between 0.75 and ~ 0.45. Then, a rhombohedral
(R3m) phase appears again for 0.45 >y > 0.25, and finally two
rhombohedral (R3m) phases coexist for 0.25 >y > ~ 0.1. The voltage
plateaus are also seen in the (/D curves for the x=0.05 and 0.1
samples, while the (/D curves for the x=0.25 sample show a
continuous change in voltage. Surprisingly, the steady discharge
capacity (Qq;s) for the x=0.05 and 0.1 samples are larger than that for
the x=0 sample; namely, Qgs=180mAhg~! for x=0, Qu=
217mAhg~! for x=0.05, and Qgis=206mAhg~"! for x=0.1. This is
because the irreversible capacity (Qire) at the initial cycle drastically
decreases with the substitution of Co ions Qire=40mAhg~! for x=0,
Qire=20mAh g~ for x=0.05, and Qire=15mAhg~! for x=0.1.

4. Discussion
4.1. Comparison with the past magnetic studies on LiNi; _C0,0»

According to past work, either an FM or a ferrimagnetic
component appeared below ~ 200K for the LiNi; _xCox0, com-
pounds with x=0.05, 0.1 and 0.15 [7]. And, p.; =2.61 g for the
x=0.05 compound, and 2.59 p; for the x=0.1 compound, if we
calculate p ¢ using the Curie constant in Ref. [7] and g=2. On the
other hand, Hirota et al. [8] reported a complex x dependence of
Ty, namely, the presence of the maximum of T{=50K) at x=0.05.
Gendron et al. [9] showed a typical FM hysteresis loop for the
x=0.2 compound with a saturation magnetization M
~1100emumol™! at 40K. Such phenomena have never been
observed for the present samples, but their structural and
magnetic properties are found to vary monotonically with x (see
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Figs. 1-4 and Tables 1 and 2). This situation is more clearly seen in
Fig. 6, in which the x dependences of the lattice parameters, (i,
©,, and Ty are shown. It should be also emphasized that the

0.17mAcm~2 at 25°C in the voltage range between 2.6 and 4.2 V.

present variation of the physical properties with x is very
consistent with our previous result on the x=0, 0.25, 0.5, 0.75,
and 1 samples [13]. On the contrary, since the Ni moments are
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Fig. 6. x dependences of the (a) lattice parameters of a,- and cy-axes, (b) effective
magnetic moment (i), (c) Weiss temperature (0p), and (d) spin-glass-like
transition temperature (Ty) for the LiNi; _,Co 0, samples. The previously reported
values of lattice parameters and . in Ref. [13] are also shown for comparison.

simply diluted by Co ions with x, it is very difficult to explain the
existence of a local maximum of Ty at around x=0.05. Thus, the
magnetic nature for the present LiNi;_,Co,O, samples with
x<0.25 is found to be very different from those for the
previously reported LiNi; _,C0,0, [7-9].

Here, we should note that the present LiNi; _,CoxO, samples
were prepared at 750°C, while the past work used the samples
synthesized at 800 [7,9] and 850°C [8]. The heat treatment above
800°C were, however, known to be not an optimal condition to
obtain the ideal layered structure with R3m [3,10]. Furthermore,
the y~1(T) curve for LiNigg95Mgp 0505, in which the Ni ions locate
only at the 3a site, exhibits a typical CW behavior down to ~ 50K
with T; ~8K [26]. Therefore, the magnetic properties of Li-
Ni; _xCo,05 is thought to be strongly affected by their synthesis
condition, i.e. 4. Indeed, M, for (Ligg4Nig 0s)35[Nil3,02 at 5K are
reported to be ~ 500 emumol~" due to the large amount of & [27].

4.2. Inter-relationship between structural, magnetic, and
electrochemical properties of LiNi; _xC0x0>

Saadoune and Delmas showed the electrochemical properties
of LiNi; _,Co,0, in the voltage range between 2.5 and 4.0V [7].

The Qqs for the x=0, 0.1, and 0.2 compounds is ~ 137, 104, and
151 mAh g~ !, respectively, while the Qj. for the x=0, 0.1, and 0.2
compounds is ~ 27, 33, and 16 mAh g, respectively [7]. As seen
in Fig. 5, the Qg;s for the x=0.05 and 0.1 samples are larger than
that for the x=0 sample. Furthermore, a light substitution for Ni
by Co (x=0.05) is found to be suppressed Qie by ~20mAhg-1.
Here, the applied current density in Ref. [7] (=0.07mAcm™';
C/200) is much lower than that in the present study (=0.17 mA
cm~'; ~C/10). Combining the results on magnetic measure-
ments, the difference between the previous [7] and present
studies in the electrochemical properties is most likely due to the
difference in the amount of §. Actually, the value of ¢ for the
x=0.1 compound which is synthesized at 800°C is reported to be
0.027(5) by Delmas and co-workers [16] and is significantly larger
than that for the present x=0.1 sample (=0.009).

The origin of the increase in Qg;js with x is currently unclear,
because the structural and magnetic analyses indicated that the
amount of J is almost independent on x (Table 1 and Fig. 4). In
addition, the charge end voltage of 4.2 V versus Li*/Li would affect
the Qgjs, because the operating voltage is extremely flat around
4.2V (Fig. 5) due to the structural change between the two
rhombohedral (R3m) phases [3]. It is, however, noteworthy the
result of LiNi; _,Mg,0O, [28]. The amount of ¢ in (Li;_,_sNigMg,);
[Ni;_y_s5]3402 is known to decrease by the substitution for Ni by
Mg and reach 0 at x=0.02 by XRD and magnetic measurements
[28]. Nevertheless, the Qq;js in the voltage range between 2.6 and
415V for LiNi;_,Mg,0, monotonically decreases with x [28];
namely, Qg ~ 167 mAh g~ for LiNiO,, Qgs ~ 165mAhg-! for the
LiMgo 01Nig.9902 compound, Qgjs ~ 156mAhg-! for the LiMgg g,
NigogO, compound, and Qg ~135mAhg-! for the LiMggos
Nig.9502 compound. On the other hand, the Qs for LiNi; _xC0,0>
in the voltage range between 2.6 and 4.15V is estimated as
155mAhg~! for x=0, 182mAh g~ for x=0.05, and 188 mAhg~!
for x=0.1. This indicates that the light substitution by transition
metal ions play a significant role for determining the Qyjs.

Finally, we wish to discuss the possibility for a positive
electrode material for high energy-density LIB. Table 3
summarizes the Qgis, energy density (W), and average voltage
(Eave) for the LiNi;_,Co,O, samples with x=0, 0.05, and 0.1
obtained from the discharge curve at the second cycle. The values
of W for the x=0.1 and 0.05 samples are almost comparable
to that for LiNi]/ng‘luzoz (W~770Ahg71) [29] or LiCO]/3Ni]/3
Mn; 30, (W ~800Ahg~1) [30]. Note that W for LiNi;,Mn; 205 is
estimated from the discharge curve in the voltage range between
2.5 and 4.5V [29], while that for LiCoq;3Ni;;3sMn;30, from the
discharge curve in the voltage range between 2.5 and 4.6V [30]. It
is widely known that, in the voltage level above 4.2V, a non-
aqueous electrolyte gradually decomposes electrochemically,
resulting in capacity fading during charge and discharge cycles,
especially at temperatures above 60°C. Therefore, the lightly
substituted LiNi;_,Cos0, is promising as a positive electrode
material for LIB with high energy-density, when we set the charge
end voltage as 4.2 V.

Table 3
The discharge capacity (Qgis), energy density (W), and average voltage (E.ye) for
LiNi; _xCo,0,.%

X Quis (mAhgil) w (Ahgil) Eave (V)
0 180 667 3.81
0.05 217 829 3.82
0.1 206 785 3.81

2 The values of Qq;s, W, and E,. were obtained from the discharge curve in the
voltage range between 2.6 and 4.2 V.
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5. Conclusion

The inter-relationship between the structural, magnetic. and
electrochemical properties for the LiNi;_,CoxO, samples with
x=0, 0.05, 0.1 and 0.25 was investigated by powder X-ray
diffraction measurements, magnetic susceptibility (y) measure-
ments, and electrochemical charge and discharge test. For all the
samples, the temperature (T) dependence of y~! measured with
the magnetic field with H=10kOe exhibited a typical Curie-
Weiss behavior down to 100 K. Below 100K, an antiferromagnetic
correlation is likely to be enhanced, since the slope of the y~1(T)
curve is more moderate than that above 100K. At low T, all the
samples entered into a spin-glass-like phase below T The
magnitude of T, effective magnetic moment, and Weiss tempera-
ture were found to vary almost linearly with x. Furthermore, the
electrochemical measurements showed that the discharge capa-
cities for x=0.05 and 0.1 are larger than that for x=0. Therefore,
the magnetic and electrochemical properties for the present
LiNi; _,Co,0, samples is found to be very different from those for
previously reported [7-9], probably due to the difference in the
amount of Ni ions in the Li layer. In order to obtain the highly
crystallized LiNi; _,CoxO, compounds with x <0.25, we need
employ high-T synthesis as in the case for LiCoO,. However, high-
T synthesis induce the migration of Ni ions in the Li layer. Since
the amount of Ni ions in the Li layer strongly depends on the
magnetic parameters such as Trand Weiss temperature, magnetic
studies are considered to be effective for determining the
optimum synthesis conditions of lightly substituted LiNi; _4C0,0>.
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