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Abstract LiNi;;3Co,3Mn;;30, (LNMCO) powders were
formed by a two-step synthesis including preparation of an
oxalate precursor by “chimie douce” followed by a solid-
state reaction with lithium hydroxide. The product was
characterized by TG-DTA, X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared (FTIR),
Raman spectroscopy, electron spin resonance (ESR), and
SQUID magnetometry. XRD data revealed well-crystallized
layered LNMCO with o«-NaFeO,-type structure (R-3 m
space group). Morphology studied by SEM and TEM
shows submicronic particles of 400-800 nm with a
tendency to agglomerate. The local structure investigated
by vibrational spectroscopy (FTIR, Raman), ESR, and
SQUID measurements confirms the well-crystallized lattice
with a cation disorder of 2.6% Ni*" ions in Li(3b) sites.
Electrochemical tests were carried out in the potential range

A. M. Hashem - R. S. El-Taweel - H. M. Abuzeid -

A. E. Abdel-Ghany - A. E. Eid

Inorganic Chemistry Department, National Research Centre,
Behoes St., Dokki,

Cairo, Egypt

H. Groult - C. Julien (X))

Physicochimie des Electrolytes, Colloides et Sciences Analytiques
(PECSA), Université Pierre et Marie Curie,

4 place Jussieu,

75005 Paris, France

e-mail: Christian.Julien@upmec.fr

A. Mauger

Institut de Minéralogie et Physique de la Matiére Condensée
(IMPMC), Université Pierre et Marie Curie,

4 place Jussieu,

75005 Paris, France

2.5-4.5 V vs. lithium metal on samples heated at 900 °C for
12 h. Initial discharge capacity is 154 mAh/g at C/5,
while a capacity of 82 mAh/g is still delivered at 10 C
by the two-step synthesized LiNi;j;3Co;3Mn;;30, as
cathode material.
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Introduction

Since the introduction of rechargeable lithium-ion batteries
as power sources for portable electronic devices, several
positive electrode materials have been extensively investi-
gated as alternatives to LiCoO,, which presents instability
at potential above 4.2 V. To power hybrid electric vehicles,
plug-in hybrid electric vehicles, and electric vehicles,
researchers are looking for new materials capable to deliver
high power density, higher reversible capacity, good
cyclability, and safety [1-3]. Among the candidates, several
compounds with a layered structure have been suggested,
including LiNi; CoO, [4, 5] Li(Ni;Coy),,ALO, [6],
LiNil/zManz [6—8], LiNianxcolfszQ (02.’(21/3) and
its derivatives [9-15]. Proposed by Ohzuku’s group, the
particular composition LiNi;;3Coy/;3Mn 30, (LNMCO)
[16, 17] exhibits much higher capacity, great structural
stability, and enhanced safety [18].

Several synthetic methods are currently used to grow
LNMCO powders such as solid-state reaction, sol-gel
process, co-precipitation [19-21], microwave [22], self-
propagating solid state [23], rheological phase [24], thermal
polymerization [25], and microemulsion [26] techniques. In
this respect, the most important factor is the selection of
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favorable precursor for the synthetic method to obtain
single-phase and fine-sized powder. The wet-chemical co-
precipitation method was adopted to prepare fine-sized
precursor of nickel, cobalt, and manganese with desired
particle morphology and homogeneous cationic distribution
[27]. This method, which consists in the mixing of
transition metal hydroxide precursor with hydrated lithium
hydroxide, appears to be efficient because of the easy
oxidation of elements during the precipitation reaction at
the molecular level [28, 29].

From the electrochemical point of view, it has been
demonstrated that the performance of LNMCO in high-
power lithium-ion batteries is strongly dependent on the
structural properties [30-34]. The main problem that still
needs to be solved for such applications of LNMCO is the
cation mixing between nickel and lithium-ions since the
ionic radius of Ni** (0.69A) is close to that of Li* (0.76A)
for CN=6 [35]. A partial occupation of Ni** by Li* and Ni**
generates a disorder in the structure that is damaging to the
electrochemical properties [36, 37]. One aim of this work is
to decrease this cation mixing by adjusting the synthetic
conditions [38].

The goal of this work is to grow submicronic LiNi,;
Coy3Mn; 30, powders with low cationic mixing to
improve the rate capability of the cathode material. A
two-step co-precipitation synthesis has been envisaged. The
LNMCO powders were characterized using various phys-
ical methods to investigate the long- and short-range
structure, including thermogravimetry—differential thermal
analysis, X-ray diffraction (XRD), scanning electron (SEM)
and transmission electron microscopy (TEM), elemental
analysis, Fourier transform infrared (FTIR) and Raman
scattering spectroscopy, superconducting quantum interfer-
ence device (SQUID) magnetometry, and electron spin
resonance (ESR). Finally, the electrochemical properties of
LNMCO powders were tested in lithium cells using 1 M
LiPF¢ in EC/DEC solution as electrolyte.

Experimental
Sample preparation

The growth of LiNi;;3Co;,3Mn;,30, powders was ensured
by a two-step process. First, the formation of the transition
metal oxalate Nij;Co;3Mn;;3C,04-3H,0 precursor was
obtained by the co-precipitation method. Stoichiometric
amounts of Ni(NO3),'6H,0, Co(NO;3),6H,0, and Mn
(NO3),"4H,0 (cationic ratio of Ni/Co/Mn=1:1:1) were
dissolved in distilled water. Oxalic acid was used as a
precipitator. The dissolved solution was added dropwise to
100 ml of 1 M oxalic acid with stirring until the complete
precipitation of oxalate precursor. In order to keep the pH
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near neutral values (ca.7-8), an alkaline solution was
timely added into the reaction vessel during co-
precipitation period. The precipitated precursor was
filtered and dried at 100 °C for 12 h. The second step
consisted in the mixture of the oxalate precursor with
stoichiometric amount of monohydrated LiOH followed
by subsequent calcination at 900 °C for 12 h in air with
intermittent grinding to obtain the final product. For
comparison of electrochemical features, a reference
LiNi;3Co,3Mn;,30, compound with similar porosity,
surface chemistry, particle size, crystallinity, etc., but with
a higher cationic disorder to justify the positive role of
improved local environment, a sample was synthesized by
the conventional wet-chemical method assisted by oxalic
acid (single step).

Apparatus

Thermal analysis was carried out using a Perkin Elmer
(TGA 7 series) gravimetric analyzer in the temperature
range of 30-1,000 °C in air at a heating rate of 10 °C/min.
The crystal structure was analyzed by XRD using a Philips
X'Pert apparatus equipped with a CuKx X-ray source (A=
1.5406A). XRD measurements were collected in the 26
range 10-80° at low scanning rate. FTIR spectra were
recorded with Bruker IFS 113 vacuum interferometer. In
the far-infrared region (400-100 cm '), the vacuum bench
apparatus was equipped with a 3.5-um-thick Mylar beam
splitter, a globar source, and a DTGS/PE far-infrared detector.
Raman spectra were measured using a Micro-Raman-Laser
spectrometer model Lab-Ram (Horiba-Jobin-Yvon) micro-
scope lens x50, filter D2, diaphragm 400 pm, slit 150 pum.
The spectra have been recorded with the red (632 nm) laser
excitation.

Sample morphology was observed by SEM and TEM
(JEOL, JEM-1230, Japan). The chemical compositions of
the synthesized samples were confirmed by energy-
dispersive X-ray spectroscopic analysis (EDAX) using an
X-ray detector attached to the TEM instrument. Magnetic
measurements (susceptibility and magnetization) were
carried out with a fully automated magnetometer (MPMS-
XL from Quantum Design) using an ultra-sensitive SQUID
in the temperature range 4-300 K. A small quantity of
sample was put into a small plastic vial, placed in a holder,
and finally inserted into the helium drawer of the SQUID
apparatus. The temperature dependence of the susceptibility
data was recorded during heating of the sample using two
modes—zero-field cooling (ZFC) and field cooling (FC)—
to determine the magnetic behavior. The procedure is based
on performing two consecutive magnetization measure-
ments: in ZFC, the sample is first cooled down in the
absence of magnetic field and then measured in an
applied magnetic field increasing the temperature; the
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FC is performed in the same magnetic field, decreasing
the temperature. For susceptibility measurements, con-
stant magnetic field of 10 kOe was applied. Magnetic
field in the range 0-30 kOe was applied for magneti-
zation measurements.

Electrochemical tests were performed at room tempera-
ture with laboratory-scale cells which include a Li" metal
foil as a counter electrode. A positive electrode mixture was
composed of 85 wt.% of active material, 10 wt.% of carbon
black as a conductive agent, and 5 wt.% of polytetrafluoro-
ethylene as a binder. The Li/LiNij;3Co;,53Mn;30, cells
were housed in a Teflon laboratory-cell hardware employ-
ing a nonaqueous Li" ion-conducting organic electrolyte
1 M LiPF¢ in EC/DMC (1:1). A microporous polypropyl-
ene film (Celgard 2500) was used as a separator. The
apparent lithium content of discharge compounds was
estimated using the current passed and the mass of the
electrode material. Different C-rate discharge currents were
used in the potential range 2.5-4.5 V vs. Li%Li", and the
data were recorded using a Mac-pile battery cycler.

Results and discussion
Thermal analysis

Figure la, b shows, respectively, the thermal gravimetry
and differential scanning calorimetry (TG—DSC) curves of
the formation of the precursor of transition metals oxalate
Mn; sNi; 5C0,4]C,04 and the growth of the final product
LiNi;sMn;/3C0;/30,. In the TG-DSC graph of the oxalate
precipitate, i.e., the sediment after the co-precipitation
reaction, the profile has three steps of weight loss. The
first two steps starts above 100 °C that shows a total of ca.
20 wt.% weight loss with two small broad endothermic
peaks at 105 and 215 °C, which are attributed to the
dehydration of the metal oxalate. The process for the
formation of the oxalate is given by

INi(NO3), (aq) + + Mn(NO5), (aq) + 5 Co(NO3),(aq)

— A in air — [Mn1/3Ni1/3C01/3]C204 + Ny (g) + COz(g)
(1)

We obtained violet-colored sediment with pH at ca. 8.
Based on the color of the sediment, the oxalate precursor
[Mn;;3Ni;3Co0;/3]C>04 has a monoclinic structure [39].
Then, upon increasing the temperature up to 300 °C,
anhydrous [Mn,;3Ni;;3Co0;,3]C,0,4 is decomposed into
metal oxide and carbon dioxide gas.

Figure 1b shows the TG-DSC curves recorded during
the growth of LiNi;;3Mn;;3C0730, prepared from the
mlxmg of [Mn1/3Ni1/3C01/3]C204' with LlOHHzO by 1:1
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Fig. 1 TG-DSC curves at the heating rate of 10 °C/min in air a of
oxalate precursor [Mn;,;3Ni;3C0,/3]C,04:3H,0 and b of the
LiOH'Hzo:[MH]/3Ni1/3C01/3]C204'3H20 mixture

molar ratio. A small endothermic peak was observed at ca.
200 °C due to the dehydration of the lithium hydroxide
component. There is one strong exothermic peak located
at ca. 505 °C attributed to the decomposition of the
oxalate precursor and the beginning of crystallization of
LiNi;;3sMn;3Co0;,30, powders according to the reaction

[Mn, 3Ni; ;3C013]C204 - (s) + LiOH(s) — A in air —
LiMn1/3Ni1/3 C01/302 (S) +1/2H20(g) —|—2C0(g) + 1/402 (g)
(2)

Actually, the use of the two-step co-precipitation
method associates advantages of a low-temperature route
with the preparation of the metal oxalate di-hydrated
precursor (Ni;;3Co;,3Mn;;3)C,04 of the monoclinic struc-
ture, which crystallizes into (Ni1/3C01/3MI11/3)304 by
thermal treatment in air. The results of this method are a
low defective structure and the formation of spherical-like
particles with a narrow size distribution as shown in the
next section.
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Structure and morphology

Figure 2 displays the XRD spectrum of LiNi; 3Mn;,3Co0;50,
synthesized with calcination at 900 °C for 12 h in air.
The diffraction pattern shows well-defined Bragg lines
that correspond to the rhombohedral o-NaFeO, struc-
ture (R-3 m space group). As expected, the two dominant
peaks correspond to the (003) and (104) lines with an
intensity ratio /go3)//(104=1.67. The splitting of the lines
(006)/(012) and (018)/(110) reveals the highly ordered
layered structure of the LNMCO powders [4]. This is also
a good indication for small cation mixing. An accurate
evaluation of the cation mixing, the amount of Ni**(3b),
will be made in the following by magnetic measurements
as these are powerful tools when 3d transition metal are
involved.

The lattice parameters of LiNi;;sMn;;3Co;30, were
calculated by a least squares method using ten diffraction
peaks in the hexagonal sitting as a=2.867(4) A, ¢c=14.246
(7) A, 7=100.84(8) A°, and c/a=4.978. These values are in
good agreement with those reported by Ohzuku and
Makimura [11, 12]. The coherent length L=55 nm calcu-
lated from the Scherrer formula shows that each particle
contains several mono-crystallites. Note that the c/a ratio
corresponding to lower rhombohedral distortion is also a
good indication for the cationic disorder in LNMCO
materials for which the local symmetry is lowered due to
the presence of Ni*(3b).

Figure 3 shows the SEM image (a) and the TEM picture
(b) for the LNMCO powders heat-treated at 900 °C. Well-
developed particles with regular shape, almost spherical,
are observed, indicating good crystallinity of the synthe-
sized powders. The well-defined particles were attributed to
the careful synthesis of the oxide, including extensive

250
003
200 -
§ 104
> 150 -
=
w
c
{0
£ 100 ‘
101
108 110
‘ 006 \
mh [102| L
I / 105 107 Y1, 021
1
| |/ | | 116 |
p B U VRGN 1| O WP | Mt Vil "»\!,.
U T T T L T 1

10 20 30 40 50 60 70 80
2 theta (degree)

Fig. 2 XRD pattern of LiNij;3Mn;;3Co;,30, prepared via oxalate co-
precipitation method
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Fig. 3 SEM image (a) and TEM picture (b) of the LNMCO powders
heat-treated at 900 °C for 12 h in air

grinding between successive calcinations. The TEM image
clearly shows similar results. The particles have submicron
size in the range 400-600 nm. Their shape tends to be
spherical with a narrow grain size distribution.

Figure 4 shows the results of the elemental analysis
carried out by EDAX using an X-ray detector attached to
the TEM instrument. This spectrum reveals the presence of
Co, Ni, Mn, and oxygen as expected for stoichiometric
LiNi;3Mn;3Co130;, material. In the EDS spectrum, other
peaks found related to Cu are only due to the Cu micro-grid
sample holder [40].

Vibrational spectroscopy

Because Raman and FTIR spectroscopy are sensitive to the
short-range environment of oxygen coordination around
cations in oxide lattices, the frequencies and the relative
intensities of the bands are the fingerprints of the
coordination geometry and the oxidation state of the cations.
Figure 5 displays the vibrational features of LiNi;3Copg
Mn;30;: (a) the FTIR absorption spectrum and (b) the
Raman scattering spectrum. Considering the space group R-
3 m for LiNi;3Co;sMn 30, crystal that corresponds to the
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Fig. 4 EDAX spectrum of

LiNi; sMn;,3Co,30, prepared °
via oxalate co-precipitation Mn
method with calcination at
900 °C for 12 h in air
w
8 Cu
Co
Ni
In
M
0

D’;, spectroscopic symmetry, the group factor theory
provides the vibrational active modes represented as follows:

I' =341, + 3E, + 445, + 3E,, (3)
in which 4,, and E, are Raman-active and the remaining 45,

and E,, are infrared active modes [41]. The 4,4, and 4>, modes
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Fig. 5 a FTIR and b Raman spectra of LiNi; 3Mn;,3Co;,30, powders
synthesized via oxalate co-precipitation method. Ticks represent the
position of the vibrational modes determined by the fit of experimental
data (see Tables | and 2)

12
Energy (keV)

originate from the M-O symmetrical stretching, while £, and
E, come from the O—M-O bending vibrations [5]. Because of
the D3, site group of the Wyckoff (3b) for the lithium ions, the
Li cage mode is only active in infrared. Since the compound
has three M-ions, we expect 34,, modes and 3£, modes that
overlap to give rise to the two broad 4, and E, structures in
Fig. 5a. The best fit to the Raman spectrum has then been
achieved, starting from a set of three individual bands of
Lorentzian shape for the overlapping 4, band profile and
same for the £, band profile (see Fig. 5b). The results are
given in Table 1. The E, bands are centered at 475, 482, and
516 cm ! and the A, bands are centered at 576, 602, and
639 cm ' for M=Ni, Co, and Mn, respectively. These
positions compare well with the corresponding bands of
LiNiO,, LiCoO,, and A-LiMn,O,, respectively [42]. Note
also that the width of the v; bending vibrations of Ni-O—-Ni is
larger than for other cations, which gives evidence of the
degree of Ni cationic disorder in this sample, in agreement
with the structural analysis in the following section.

The FTIR absorption spectrum LiNi;3Co13Mn 30, is
presented in Fig. 5a. According to factor group analysis, the
IR absorption bands are situated in three distinct regions.
The lower-wavenumber band at 246 cm ' is attributed to
the Li cage mode. This band vanishes with Li extraction
from the LNMCO framework. The medium-wavenumber
region 400520 cm ' corresponds to the O-M-O asym-
metric bending modes, while at above 520 cm™' the IR

Table 1 Parameters of the six Lorenzians fit the £, and 4, Raman-
active modes for the LiNig33Mng 33C00330, sample

Position (cm ™) Width (cm ™) Area Height
vy 475 50 24,773 392
Vs 482 47 23,404 400
Vs 516 31 8,430 216
V4 576 38 35,915 756
Vs 602 43 111,330 2,046
Ve 639 30 24,385 637
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modes are due to the asymmetric stretching modes of the
MOg octahedra. The best fit to the IR spectrum has then
been achieved, starting from a set of three individual bands
of mixed Gaussian—Lorentzian shape. It is reported in
Fig. 5a, and the results are given in Table 2.

Magnetic and electronic properties

The temperature dependence of the reciprocal magnetic
susceptibility ym (I)=H/M and the isothermal magnetiza-
tion curves M(H) of LNMCO samples prepared from oxalate
co-precipitation are shown in Fig. 6a, b respectively.
Measurements were carried out in the ZFC mode with H=
10 kOe. At T>80 K, the quasi-linear variations of y, '(7)
can be described by Curie—Weiss law:

2t (T) = (T = 6,)/Cy, Gy = Niter” /3, (4)

with ©,, as the Curie-Weiss temperature, C, as the Curie
constant related to the effective magnetic moment i, N as
the number of metal ions in 1 mol of product, and kg as the
Boltzmann constant. The values of the fitting parameters are
C,=0.93 emu/mol, p.q=2.74, pp, and 6,=—74 K, which
indicate the dominant antiferromagnetic interactions. Taking
into account that the magnetic moments carried by Ni** and
Mn*" are 2.83 pp and 3.87 g, respectively, while Co®" is
not magnetic [43, 44], the theoretical value of py in the
absence of Ni**(3b) defects would be:

1/2

[(1/3)*2.83% + (1/3)*3.87% + (1/3)*0] " “p = 2.77ug.

(5)

The experimental value of p.g is close to this theoretical
value. In Fig. 6b, the magnetization curves show a non-
linearity for 7<50 K. Following our prior works [21], this
feature is attributed to the presence of Ni**(35) defects that
form Mn*"(3a)-Ni*"(3b) ferromagnetic pairs (FMP) at low
temperature according to the Goodenough—Kanehori rules
[45]. The contribution of FMP to the curves M(H) gives rise
to an enhancement of the magnetization responsible for the
decrease of xm (7<50 K) as shown in Fig. 6a.

Hineor =

Table 2 Parameters of the six Lorenzians fit the 4,, and £, IR-active
modes for the LiNig33Mng33C00330, sample

Position (cm ') Width (cm ™) Area Height
vy 690.3 72 17 0.19
Vo 592.8 98 119 0.91
V3 537 33 9 0.22
V4 512.7 45 14 0.25
Vs 478.6 67 58 0.69
Ve 404.2 104 72 0.56
V7 245.7 32 7 0.18

@ Springer

a 500 T T T T T T
LiNig 33Mng 33C00 330,
400 -
o
© 300 _
S
>S5
3
E 200 C,=0.93 emu/mol -
T Hert =2.74 g
0,=-74 K
100 7
0 1 1 1 1 1 1
0 50 100 150 200 250 300 350
Temperature (K)
b 1000 : ; ; ; ; ;

—o— T=4K
—&— T=30K
800 [-| —e— T=100K
—&— T=150K

—¥— T=200K
—=— T=300K

[e2]

o

o
T

Magnetic moment (emuol)
n B
o o
o o
T T

|
10 15 20 25 30 35
Magnetic field (kOe)

Fig. 6 a The temperature dependence of the reciprocal magnetic
susceptibility x., '(7)=H/M and b the isothermal magnetization curve
M(H) of LNMCO samples prepared from oxalate co-precipitation

At 4 K, the magnetization associated with FMP is
approximately saturated under the application of an external
magnetic field (H=30 kOe). We can then estimate the
amount of Ni*"(3b) defects as the ratio between the
magnetic moment at saturation M; of the ferromagnetic
component of the magnetization and the moment (per
chemical formula) at saturation that the sample would have
if all the Mn and Ni ions are fully spin-polarized such as

Pett = (1/3%Syps+ + 1/3%Syp+) = 1.67. (6)

Ms =x N g petrpip- (7)

With the M;=246 emu/mol, the magnetic moment at
saturation estimated from the linear extrapolation to H—0
of M(H) at T=4.2 K taken in the high magnetic field range,



Ionics (2012) 18:1-9

0.2

0.1

ESR signal (a.u.)

-0.1

-0.2 |

2000 5000 8000
Magnetic Field (G)

10000

Fig. 7 Electron spin resonance spectrum of LiNij;3Mn;;3Co1,30,
prepared via oxalate co-precipitation method at room temperature. The
magnetic field was scanned in the range 0-10 kG

the amount of Ni*" at 3b sites is 2.6%. This value can be
compared with the cationic disorder of a LiNi;;3Mn; ;3
Co,30, sample synthesized using the conventional wet-
chemistry assisted by oxalic acid. For this material, the
cationic mixing is evaluated to be 3.2% compared with
2.6% for the present study. Thus, it is evident that the
synthetic method plays an important role in the crystal
chemistry of LNMCOs.

Figure 7 shows the ESR spectrum recorded at 300 K for
the LiNi;;3Mn,;3Co,,30, calcined at 900 °C for 12 h. The
ESR feature consists of a broad signal with peak-to-peak
width AH,,=1,200 G, which agrees with previous data of
the same structure [43]. The ESR signal centered close to
3,200 G is the position expected for uncorrelated spins with

SO0r——7—— 77— T T T

Discharge voltage (V vs. Li +/Li0)

0 20 40 60 80 100 120 140 160
Capacity (mAh/g)

Fig. 9 Discharge curves of LiNi;3Mn;;3Co;,30, at various C-rates in
LiPF; electrolyte between 2.5 and 4.5 V vs. Li/Li"

the gyromagnetic factor g=2.033 for the X-band micro-
wave frequency we have used. The LiNi;;3Mn;,3Co,,30,
oxide contains two magnetic ions, Ni** and Mn*", and
one Co>" nonmagnetic ion. Because of its even number of
d-electrons, Ni*" is a non-Kramers ion and the ESR
spectrum is very sensitive to the interactions with the
environment. Consequently, the ESR signal of Ni** can
then be detected only when this ion is present as a residual
impurity [46]. The paramagnetic resonance detected in
Fig. 7 is then attributable to the presence of Mn*" ions that
carry a half-integer spin (S=3/2) and are then ESR-active.
The effective g-factor for the Mn*" ions close to g=2.0 is
characteristic of the octahedral environment [47, 48].
When the crystal field symmetry is lower, for instance, a
smaller g-value is observed, like g=1.94 in MnO, for
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Fig. 8 Initial charge—discharge curve of LiNij;3sMn;;3Co,30, at 0.2 C
in LiPF electrolyte between 2.5 and 4.5 V vs. Li/Li"
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Fig. 10 Ragone plots of the Li/ LiNi;;3Mn;/;3Co;,30; cells using 1 M
LiPF4 in EC-DEC electrolyte. Cells were cycled between 2.5 and
45 V vs. Li%Li". Cathode materials were synthesized by the
conventional wet chemical method assisted by the oxalic acid (a)
and the two-step oxalate route (b)
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instance [49]. This is consistent with our structural
analysis that has evidenced the good crystallinity of the
sample.

Electrochemical tests

Figure 8 describes the first charge—discharge profile of a
Li//LiNi;3Mn;,3C0,/30, cell. The electrochemical tests
were performed at 0.2 C-rate between 2.5 and 4.5 V vs.
Li%Li" with 1 M LiPF, in EC/DEC (1:1) as electrolyte. The
curves shown in Fig. 8 are typical of a well-crystallized
LNMO material without existence of potential plateau.
After a small amount of Li has been extracted from the
layered structure, the cell potential increases rapidly from
the OCV 3.15 V to 3.65 V and then increases smoothly up
to 4.5 V, corresponding to the extraction of 0.6 Li, which
means that almost all Ni*" ions were ionized to Ni**. This
cell delivers an initial discharge capacity 152 mAh/g; thus,
12 mAh/g retention (irreversible) capacity was observed,
giving 93% discharge—charge efficiency. In the same
potential window, the electrochemical features of Li//
LiNi;;3Mn;,3C0130, cells have been investigated as a
function of C-rate since the rate capability is one of the
important battery performances. Figure 9 shows the
discharge profile for various C-rates in the range from C/5
to 10 C. Slight polarization was observed even at rather
high 2 C-rate. For this range of density of current, the
discharge capacity values measured for 36 continuous
cycles show a decay of 0.35% per cycle. Thus, there is an
about 12.5% capacity loss at the end of the 36 cycles.

Figure 10 displays the Ragone plot for the Li//LiNi;s;
Mn, 5Co,50, cells investigated after 5 cycles in the same
conditions. We compared cells using two LiNi;;Mny;
Co,,30, cathode materials synthesized by different routes:
(a) the conventional wet-chemistry assisted by oxalic acid,
which provides material with 3.2% cationic disorder, and (b)
the two-step oxalate method for which Ni**(3b)=2.6%. It is
obvious that the lower cationic disorder delivered the high
capacity retention. Even at high C-rate, the reversible
capacity was 83 mAh/g, which is 50% of the initial discharge
capacity.

Note that LiNi;;3Mn;,3Co0,,30, is a very well-studied
compound whose electrochemical properties have been
reported to be affected by precursors, synthesis routes,
and a lot of factors. This work justifies the positive role of
the preparation method in reducing cationic disorder and, as
a result, electrochemical properties are also improved
(especially at high rates); in the case of transition metal
oxides with a layered framework, the structural defects play
an important role in the electrochemical performance of
these positive electrode materials. It is recognized worldwide
that structural defects such as cationic disorder are attributable
to a decrease of lithium-ion transport in the cathode material.
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The comparison between different LiNi;sMn;;Co0;,30,
samples is meaningful, and the difference between the
electrochemical properties is attributable to the only param-
eter that has varied in the process, namely, the cation mixing.

Conclusion

In this work, we have studied the local structure, morphology,
and magnetic and electrochemical properties of LiNi, ;3
Co;3Mn; 50, cathode material prepared by oxalate co-
precipitation. Thermal analysis showed that LiNi;;Coqjs
Mn; 30, started to crystallize at around 600 °C. Pure-phase
LiNi; 5Co;,3Mn; 30, was obtained when powders were heat-
treated at 900 °C for 12 h in air, showing submicron-sized
particles at 400-600 nm and spherical in shape. The local
structure was characterized by FTIR and Raman spectroscopy
emphasized the layered structure of LiNi;;3Co;:3Mn;;30;.
From an analysis of magnetic measurements, the degree of
cation mixing was estimated to be Ni*"(35)=2.6%. High
reversible capacity and good rate capability were observed
from testing this oxide as cathode in lithium batteries with 1M/
LiPF¢ in EC-DEC as electrolyte.
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