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a b s t r a c t

Both macro- and microscopic magnetic nature of LixNiO2 (0.1 ≤ x ≤ 1) were studied by susceptibility
(�) and muon-spin rotation and relaxation (�+SR) measurements in order to understand the change in
vailable online 27 September 2008

eywords:
ithium-ion battery
ithium nickel oxide
agnetism

magnetism of LixNiO2 with x. The � measurements showed the presence of spin-glass-like freezing at
Tf ∼ 11 K for the samples in the whole x range measured. This implies that the macroscopic magnetism
is not sensitive to x, although the crystal structure and average oxidation state of the Ni ions of LixNiO2

alter as a function of x. On the other hand, the microscopic magnetism of LixNiO2 is found to be quite
different from the macroscopic one. That is, a static antiferromagnetic ordered phase appears at low T
for the samples with 0.6 ≤ x ≤ 1, while a spin-glass-like disordered phase presents for the 0.25 ≤ x ≤ 0.5
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uon-spin rotation/relaxation (�+SR) samples below 10 K.

. Introduction

A nickel dioxide LiNiO2 has a layered structure, in which the
i plane is sandwiched by the two adjacent NiO2 planes. Further-
ore, the NiO2 planes are formed by the network of edge-sharing
iO6 octahedra, resulting in a rigid framework of a layered struc-

ure. Since Li+ ions are easily extracted and/or inserted by an
lectrochemical reaction, LiNiO2 has been extensively studied as
positive electrode material of lithium-ion batteries [1,2]. In the

iNiO2lattice, the Ni3+ions are in a low-spin state with S = 1/2
t6
2ge1

g) [3], due to a strong crystalline electric field of the NiO6

ctahedral coordination. This electron configuration is naturally
xpected to induce a cooperative Jahn–Teller (JT) distortion for
iNiO2, as in the case for NaNiO2[4]. Indeed, an EXAFS study on
iNiO2 showed the presence of local distortion of the NiO6 octahe-
ra; that is, among the six Ni–O bonds, two bond lengths are longer
han that for the rest four [5]. However, in contrast to NaNiO2, a
ooperative JT distortion has never been observed for LiNiO2 so far.
On the other hand, the crystal structure of the Li-deintercalated
ixNiO2 phase is known to depend on x at ambient temperature
T); as x decreases from 1, a rhombohedral (R3̄m) phase is sta-
le down to x = 0.75, whereas a monoclinic (C2/m) phase in the
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range between 0.75 and ∼ 0.45. Then, with further lowering x,
rhombohedral phase appears again with 0.25 ≤ x ≤ 0.45, and

nally two rhombohedral phases coexist below x < 0.25 [2]. In
rder to explain the phase transition between R3̄m and C2/m phase
ith 0.45 ∼ x ≤ 0.75, two hypotheses were proposed; one is due to
cooperative JT distortion of Ni3+ ions [2] and the other is due to
rdering of Li+ ions [6]. However, the driving force of this phase
ransition is currently not fully understood.

In this paper, we report susceptibility (�) and muon-spin
otation and relaxation (�+SR) study on LixNiO2in order to under-
tand the reaction scheme of LixNiO2, because magnetic nature is
xpected to be very sensitive to the crystal structure and oxidation
tate of the Ni ions. Here, �+SR provides a local magnetic informa-
ion and is one of the powerful techniques to detect both static and
ynamic internal magnetic fields from 0.1 Oe to 100 kOe caused by
uclear- and electronic-magnetic moments [7,8].

. Experimental

Three different samples of LiNiO2 (Lot A, B, and C) were prepared
sing the following solid state reaction. The reaction mixtures of
iNO3 (Li(OH)·H2O for Lot B) and NiCO3 (NiO for Lot B) were pressed

nto a pellet of 23 mm diameter and ∼ 5 mm thickness. Then the
ressed pellet was heated at 650 ◦C in oxygen flow for 12 h. The
btained powder was crushed, repressed into a pellet, and then
red at 750 ◦C in oxygen flow for 12 h. According to an induc-
ion coupled plasma (ICP) atomic emission spectral (AES) analysis

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:e1089@mosk.tytlabs.co.jp
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Fig. 1. The charge and discharge curves (C/D) of Li/LiNiO2 cells for the samples with
Lot A, B, and C: (a) the C/D curves of the cells using the conventional electrode mix,
which consists of 88 wt% LiNiO2, 6 wt% conductive carbon, and 6 wt% binder and (b)
the charge curves of the cells for the samples of the � and �+SR measurements. In
order to avoid the signals from other components, the electrodes for � and �+SR
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CIROS 120, Rigaku Co. Ltd., Japan), the Li/Ni ratios for Lot A, B, and C
ere determined to be 1.01, 0.97, 0.99, respectively. The final prod-
cts were characterized by a powder XRD (RINT-2200, Rigaku Co.
td., Japan) analysis and an electrochemical measurement.

� measurements were carried out using a superconduct-
ng quantum interference device (SQUID) magnetometer (MPMS,
uantum Design) in the T range between 5 and 400 K under
agnetic field H ≤ 10 kOe. �+SR experiments were performed at

he Paul Scherrer Institut, Switzerland. The powder samples were
ressed into a disk of about 15 mm diameter and 1 mm thickness,
nd subsequently placed into a fork-type low background sample
older. The experimental setup and technique were described in
lsewhere [7,8].

The LixNiO2samples for the � and �+SR measurements were
repared by an electrochemical reaction in non-aqueous Li cells.
he electrolyte was 1 M LiPF6 dissolved in ethylene carbonate
EC)/diethyl carbonate (DMC) (3/7 volume ratio) solution. In order
o avoid the � and �+SR signals from conducting additives and a
inder, the electrodes were entirely made from LiNiO2 powder. The
ixNiO2 powders were removed from the cells in a He filled glove-
ox just before �+SR measurements. In order to know the possible
hange in the LixNiO2 samples during �+SR measurement, the sam-
les were returned to the cells after the measurement to check its
pen circuit voltage vs. Li+/Li. The above procedure is essentially
he same to that of our recent �+SR work on LixCoO2[9,10].

. Results and discussion

In an ideal LiNiO2lattice with a space group of R3̄m, Li ions
ccupy 3b site and Ni ions 3a site, respectively, in the cubic close-
acked oxygen array. However, the ideal stoichiometric LiNiO2 has
een never prepared so far. Since the obtained samples always

nclude excess Ni ions at 3b site, their ionic distribution is repre-
ented by (Li1−yNiy)3b[Ni1−y]3aO2[11]. The Ni ions at 3b site induce
n additional ferromagnetic (FM) interaction between the adjacent
wo NiO2planes, whether the Ni3b–Ni3a coupling is antiferromag-
etic (AF) or FM [12]. As a result, it is well known that the magnetic
ature of LiNiO2 significantly depends on y [11]. We, therefore,
rstly estimated y for the present LiNiO2 samples by XRD and elec-
rochemical measurements. The LiNiO2 samples with Lot A, B, and
were identified as a layered structure with a space group of R3̄m.

he lattice parameters in the hexagonal setting were calculated to
e ah = 2.879 Å, ch = 14.199 Å for Lot A, ah = 2.878 Å, ch = 14.193 Å
or Lot B, and ah = 2.878 Å, ch = 14.198 Å for Lot C, respectively.
ccording to the ratio between the intensity of an XRD peak I (0 0 3)
nd I (1 0 4) and the ICP-AES analysis, y for the three samples is
oughly estimated below 0.03 [2].

Fig. 1(a) shows the charge and discharge (C/D) curves of
i/LiNiO2 cells for the three samples operated with a rate of 0.17
A cm−2 at 25 ◦C. The C/D curves for all the samples exhibit three

lateaus at ∼ 3.6 V, 4.0 V, and 4.2 V. The rechargeable capacities
n the voltage range between 2.5 and 4.2 V are found to be ∼
66 mAh g−1, 175 mAh g−1, and 181 mAh g−1 for Lot A, B, and C,
espectively. The difference in the rechargeable capacities between
ots is probably caused by the fact that the upper cutoff voltage is
ery close to the third plateau at ∼ 4.2 V. The structural and electro-
hemical properties for the present samples are hence consistent
ith the previous result [2].

The charge curves of the cells for the � and �+SR experiments

re shown in Fig. 1(b). Although the amount of the LiNiO2powder in
he cell is 0.1 g for the � and 0.2 g for �+SR measurements, the cell
as charged slowly with a rate of ∼ 0.057 mA cm−2 (= 0.5 mA g−1),
ue to the absence of conducting additives and a binder. Since the
harge curves for the all samples trace the curve for the conven-

(
c
o

x

xperiments were entirely made from LiNiO2 powder. The applied current density of
he cells for (a) and (b) was 0.17 and 0.057 mA cm−2, respectively. The Li/Ni ratios in
he LixNiO2 samples for � (open circles) and �+SR (closed circles) were determined
y ICP-AES analysis after the measurements.

ional electrode mix, the Li-deintercalated reaction is found to be
uccessfully achieved for the all LixNiO2 samples. After the � and
+SR measurements, the Li/Ni ratio was determined by the ICP-
ES analysis. Note that the ICP-AES result is good agreement with

he result of an electrochemical reaction (EC) (see Fig. 1(b)). Here,
he Li/Ni ratio (EC) was estimated by the comparison between the
bserved charge capacity and theoretical capacity (274.5 mAh g−1),
ssuming one-electron transfer per formula weight of LiNiO2. In
his paper, we use the Li/Ni ratio determined by the ICP-AES anal-
sis. Fig. 2 shows the T dependence of � in zero field-cooling
ZFC) and field-cooling (FC) mode with H = 100 Oe for the sam-
les with (a) x = 1 (Lot A, B, and C), (b) x = 0.67 (Lot B and C),
c) x = 0.5 (Lot B), and (d) x = 0.06 (Lot A and B). For the three
= 1 samples, the �(T) curve increases rapidly with decreasing
down to ∼ 20 K, and then exhibits a sharp maximum (cusp)

round 11 K. The cusp at 11 K is believed to be attributed to the
pin-glass-like freezing (Tf) [13]. Although the three samples show
he magnetic anomaly at 11 K, the �ZFC(T) curve for Lot A (Lot
) starts to deviate from �FC(T) curve below 50 K (40 K), whereas
here is no difference between the two curves for Lot C above 11 K.
ince the weak transverse field (wTF-) �+SR experiment indicates
paramagnetic nature for the three x = 1 samples down to ∼ 20 K
described later), the difference between the �ZFC(T) and �FC(T)
urve below 50 K or 40 K is not due to a formation of magnetic
rder.

Surprisingly, the cusp is also observed for all the samples with
< 1. According to the XRD analysis at ambient T, the x = 0.67
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decreases from 45 K to 1.8 K, the ZF-spectrum shows an almost
time-independent behavior at 45 K, then shows a fast relaxation
at 35 K, and finally a damped oscillation below 20 K. This means
that the sample exhibits an AF transition from a high-T paramag-
netic phase to a low-T AF-ordered phase. The fit using a damped
ig. 2. Temperature dependence of � in zero field-cooling (ZFC) and field-cooling
FC) mode with H = 100 Oe for the samples with (a) x = 1, (b) x = 0.67, (c) x = 0.5,
nd (d) x = 0.06. Here, open circles represent the data obtained in FC mode, while
losed circles in ZFC mode.

0.5) sample is assigned as the monoclinic phases with am =
.998 Å, bm = 2.830 Å, cm = 5.067 Å, ˇm = 109.8◦ (am = 4.946 Å,
m = 2.814 Å, cm = 5.091 Å, ˇm = 109.7◦), while the x = 0.1 sam-
le as the mixture of two hexagonal phases with ah1 = 2.831 Å,
h1 = 14.418 Å and ah2 = 2.826 Å, ch2 = 13.288 Å. Furthermore, the
ffective magnetic moment of Ni ions (�eff), which is estimated
rom the �(T) curve obtained in FC mode with H = 10 kOe in the

range between 200 and 400 K, monotonically decreases from
eff = 2.07 �B for x = 1 to �eff = 0.70 �B for x = 0.06, as expected

14]. Nevertheless, Tf looks to be almost independent of x in the
hole x range (see Fig. 2). The macroscopic magnetism, particularly,

he spin-glass-like behavior of LixNiO2 is, therefore, likely insensi-
ive to x, although both the crystal structure and �eff are altered by
. As described above, �+SR is very sensitive to the local magnetic
nvironment, because the muon interacts with predominantly its
earest neighbors [7,8]. It is, thus, sensitive to short-range magnetic
rder, which sometimes appears in frustrated systems, while both
and neutron scattering measurements mainly detect long-range
agnetic order. Here, weak (relative to the spontaneous internal

elds in the ordered state) transverse field (wTF-) �+SR is sensitive
o local magnetic order through the shift of the �+ spin preces-
ion frequency in the applied field and the enhanced muon-spin
elaxation. On the other hand, zero field (ZF-) �+SR is uniquely sen-
itive to weak local magnetic [dis]order produced by quasi-static
aramagnetic moments. In order to know the existence/absence of
agnetic transitions, wTF- �+SR experiments were performed for

he LixNiO2 samples at first.
Fig. 3 shows the T dependence of the normalized wTF asym-

etry (NATF ) for the LixNiO2 samples with x = 1 (Lot A, B, and C),
b) x = 0.75 (Lot B), (c) x = 0.5 (Lot A and B), and (d) x = 0.1 (Lot
) in the applied magnetic field with wTF = 30 Oe. Here, NATF ,
hich is given by ATF(T)/ ATF, max (ATF, max ∼ 0.24), roughly cor-

esponds to the volume fraction of paramagnetic phases in the
ample. Except for the x = 0.1 sample, all the NATF (T) curve exhibit
step-like decrease from 1 to 0 below 40 K, demonstrating the exis-

ence of a sharp magnetic transition. More correctly, the transition
is determined as Tmid

N = 16 K for x = 1, Tmid
N = 37 K for x = 0.75,
nd Tmid
N = 4 K for x = 0.5, where Tmid

N is the temperature at which

ATF = 0.5. Since NATF reaches almost 0 below the vicinity of Tmid
N ,

he whole volume of the sample is found to enter into an AF phase
elow Tmid

N . On the contrary, for the x = 0.1 sample, NATF ∼ 0.9 even
t 1.8 K. This is consistent with the fact that the majority of the

F
w
s
u

ig. 3. Temperature dependence of the normalized wTF asymmetry [NATF
= ATF/

TF, max] for the LixNiO2 samples with (a) x = 1, (b) x = 0.75, (c) x = 0.5, and (d)
= 0.1. The Li/Ni ratios for the �+SR samples were examined by ICP-AES analysis
fter the �+SR measurements.

i ions is in a 4+ state with S = 0 (t6
2g). Among the nine LixNiO2

amples with 0.06 ≤ x ≤ 1, the x = 0.75 sample exhibits the high-
st Tmid

N (=37 K). We thus measured the ZF- �+SR spectrum for the
= 0.75 sample in order to investigate the nature of static magnetic
rder.

Fig. 4 shows the T dependence of the ZF- �+SR spectrum
or the x = 0.75 sample in the time domain below 0.15 �s. As T
ig. 4. Temperature dependence of the ZF- �+SR spectrum for the LixNiO2 samples
ith x = 0.75 in the time domain below 0.15 �s. The top three spectra are each

hifted upwards by 0.1 for clarity of display. Solid lines indicate the fitting results
sing Eq. (1).
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Fig. 5. The correlation between (a) the solid-state electrochemistry and (b) magnetic
phase diagram of Li NiO . Data shown in triangles and solid curve in (a) were taken
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x 2
rom Fig. 9 in Ref. [2]. Triangles represent open-circuit voltages vs. Li+/Li. In (b),

N indicates an antiferromagnetic (AF) transition temperature, PM a paramagnetic
hase, and SG a spin-glass-like phase.

osine oscillation (exp(−�t) cos(ω�t + �)) yields a delay of the ini-
ial phase (�) by ∼ 40◦, which is physically meaningless. We thus fit
he ZF- �+SR spectrum by a zeroth-order Bessel function of the first
ind (J0(ω�t)), which describes the muon polarization evolution in
n incommensurate (IC-) field distribution, and two exponentially
elaxation functions [14]:

0PZF(t) = AIC e−�ICt J0(ωICt) + Afast e−�fastt + Aslow e−�slowt , (1)

here A0 is the empirical maximum muon decay asymmetry, AIC,
fast, and Aslow the asymmetries associated with the three signals,
nd �IC, �fast, and �slow are their relaxation rate. As T decreases from
mid
N , fIC (≡ ωIC/2�) increases rapidly with decreasing the slope (d

IC/dT), and finally reaches around 30 MHz at 1.8 K, as expected for
he order parameter of the AF transition. Considering the “1/3 tail”
omponent due to a polycrystalline sample, the normalized AIC sug-
ests that almost whole sample is in the IC state below 35 K. It
hould be noted here that the ZF- �+SR spectrum of LiNi3/4Co1/4O2
xhibits a spin-glass-like disordered magnetism below ∼ 10 K [15],
ltough the spin concentration in the MeO2(Me = metal) plane is the
ame to that in Li0.75NiO2, i.e., Ni3+ions are magnetic with S = 1/2
t6
2ge1

g), while both Ni4+ and Co3+ ions non-magnetic with S = 0 (t6
2g).
The oscillatory signal is also observed for the LixNiO2 samples
ith 0.6 ≤ x, suggesting the formation of static AF order. Although

he AF structure is not fully clarified at present, A-type AF order—i.e.,
M in the plane but AF between the plane, is most reasonable to
xplain the results of � and �+SR measurements, as in the case

[

[

[

ources 189 (2009) 665–668

or NaNiO2[16]. On the other hand, a spin-glass-like disordered
agnetism appears for the x ≤ 0.5 samples at low T.
Finally, we draw a schematic magnetic phase diagram of LixNiO2

see Fig. 5). A dome-shaped AF phase region is found to exist in
he x range between 1 and ∼ 0.55, whereas the SG-like phase
ppears at 0.1 ≤ x ≤ 0.55. Note that the � measurements provide
o information on the change in magnetic nature of LixNiO2 with x.
lthough past work revealed the possibility to detect the change in
hysical/structural properties of LixNiO2 during the charge reaction
ia. 7Li NMR and � measurements [17], the present result clearly
emonstrates that not � but �+SR measurements are most suit-
ble for such purpose. Although the correlation between solid-state
lectrochemistry and magnetism of LixNiO2 is currently unclear,
e expect that further structural and physical analyses on LixNiO2

specially at low-T provide a clear insight on the magnetic nature of
ithium insertion materials in relation to electrochemical reactivity.
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