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Microstructure and Electrochemical Properties of
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Abstract—The layered structure LiNi;;Co;;3Mn, 5.,ALLO, (x =0 ~
0.04) series cathode materials were synthesized by a carbonate
co-precipitation method, followed by a high temperature calcination
process. The influence of Al substitution on the microstructure and
electrochemical performances of the prepared materials was
investigated by X-Ray diffraction (XRD), scanning electron
microscopy (SEM), and galvanostatic charge/discharge test. The
results show that the LiNi;;3Co;3Mny;.,AlLO, has a well-ordered
hexagonal a-NaFeO, structure. Although the discharge capacity of
Al-doped samples decreases as x increases,
LiNi1/3C01/3Mn1/3_0_02A10_0202 exhibits superior Capacity retention at
hlgh voltage (46 V) Therefore, LiNi1/3C01/3M1’11/3_0_02A10_0202 is a
promising material for “green” vehicles.
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1. INTRODUCTION

ITHIUM-ION batteries (LIBs) have been considered as the
most attractive power source because of their high energy
density, high voltage, and long cycle life [1]. LiCoO, has been
the most widely used positive electrode material since it was
commercialized by Sony in 1991 [2]. Its further development,
however, is seriously restricted by the toxicity, high cost, and
instability, etc. [3], [4] So, the LiNi;;3Co;3Mn;30,, which was
first reported by Ohzuku’s research group in 2001, has attracted
enormous attention due to its stable cycleability, safety, and
high discharge capacity [5]-[11]. As far as we know, the
LiNi,;5Co3Mn; 30, is one of the most promising candidates to
replace LiCoO, cathode materials for LIBs [12]. In order to
meet the requirements of the large-scale high-power system
such as the electric vehicles (EVs), nevertheless, it is still a
challenge to improve the structural stability and specific energy
at high power rate and high voltage as the cycle properties and
rate capability of this material become seriously deteriorated
when charged to 4.6 V [12], [13]. Therefore, much research has
been performed to optimize this series material by novel
synthesis routes, using coating and employing metal substituted
for Ni, Co and/or Mn [2], [14]-[24].
It is well-acknowledged that Al substitutions have a great
impact on the cycle performance of layered lithium transition
metal oxides [25], [26]. Dahn, J. R and other groups have
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confirmed that the thermal stability of Al-substituted layered

lithium transition metal oxides, such as
LiNi1/3Mn1/3C0(1/3.z)A1z02 [27], [28], LiNil/3Mnl/3A1(l/3-x)C0x02
[29], LiNigs--Mngs--A1,,0, [30],

Li;_.(Nig40Mng 40C00,.AL);.O, [31], increases with increasing
content of Al. Noted that Al in previous researches is usually
employed to substitute part of Co. We are especially interested
in substitution of Al for Mn, because the valence state of Al is
lower than Mn, which may has a positive effect on the Li-ion
diffusion. According to our knowledge, A" substituted for
Mn** in LiNi,5Co;,3Mn, 50, has been reported [32], however,
there has been no report about the advanced electrochemical
properties at high voltage, especially high rate capabilities.

II. EXPERIMENTAL

A. Material Preparation

All chemical reagents were of analytical purity and used
without further purification. Firstly, a Na,CO; and NH,HCO;
aqueous solution (molar ratio = 1:1) and a mixed solution of
NI(NO3)26H20, CO(N03)2'6H20, MH(AC)2'4HQO and
AI(NO;);-9H,0 were simultaneously added drop-wisely to a
batch reactor using a two-channel peristaltic pump. The molar
ratio of Ni: Co: Mn: Al was 1: 1: (1-3x): 3x. The temperature,
pH, and stirring speed are respectively controlled in 50-60°C,
8-9 and 800-1000 rpm. The carbonate precursors were filtered
and washed thoroughly by centrifuging, and then was dried at
90°C overnight. The obtained powder and an appropriate of
lithium carbonate were mixed completely by high energy
mechanical milling. Lastly, the mixtures were firstly preheated
at 500°C for 6 h to melt the lithium salt, then calcined at 900°C
for 10 h in air. The products (x = 0.00, 0.01, 0.02, 0.03, 0.04)
were denoted as Al 0, Al 1, Al 2, Al 3, Al 4, respectively.

B. Materials Characterization

The powder X-ray diffraction was made by using a
Philip-produced PW 1730 diffractometer. XRD data were
collected in the 26 between 10° and 70° with a scanning speed
of 0.06° 5. Unit cell parameters were refined by the Rietveld
method using the Jade 5.0 program. The scanning electron
microscopy (SEM) was used to observe the morphology and
particle size of the materials (S4800 machine).

C. Electrochemical Measurements

The electrochemical characterizations were tested in
CR2032 coin type half-cell, which was comprised of a cathode,
a lithium metal anode, a piece of porous polypropylene film and
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an electrolyte. The positive electrode materials contained an
active material, carbon black, and PVDF binder in the weight
ratio 80:13:7. The electrolyte employed to be analyzed was 1
mol L™ LiPF, solution in an EC-DMC (1:1 by volume) mixture.
The fabricated coin cells were cycled at different current
density between 3.0 — 4.6 V (vs Li/Li") at room temperature. In
this study, the capacity of 180 mA g was assumed to the 1 C
ratio capacity.

III. RESULTS AND DISCUSSIONS

Fig. 1 shows the XRD npatterns of the
LiNi;5Co;3Mn3.,ALO, (x =0~ 0.04) samples in the scattering
angle range from 10 to 70°. All of the peaks can be indexed to
the hexagonal ¢ -NaFeO, structure (R3m space group) and no
impurity peaks are detected. It demonstrates that the
LiNi; 5Co;3Mny3.,Al,O; series are phase pure materials in the
range of x = 0.00 ~ 0.04. In XRD patterns, the (006) / (102) and
(108) / (110) doublet peaks are evidently split, which suggest a
well-ordered layered structure [8], [19]. It should be noted that
the (108) and (110) peaks become less sharp as x increases. The
integrated intensity ratio of (003) and (104) peak is regarded as
a measurement of the cation mixing in the layered structure.
Because the radius of Li* (r;+= 0.76 A) is approximate to the
radius of Ni** (7y;2+= 0.69 A), the transition metal ions (Ni*")
at the 3a sites are could easily enter into the lithium metals at 3b
sites. Ni*' ions entering octahedral Li* sites will produce NiO
phase, which could weakens the intensity of the (003) peak but
has no influence on (104) peak [33]. Thus, as the cation mixing
is increased, the ratio of Iyy3/l1ps is decreased. In General,
undesirable cation mixing happens when /y3//;o4 value is less
than 1.2. Table I lists [003/1104 value of LiNi1/3C01/3Mn1/3_xA1x02
series, which are much larger than 1.2 for all samples. It can be
observed that a small amount of Al substitution for Mn (x <
0.02) could restrain the cation mixing to some extent, especially
when x = 0.02. Table I also gives the lattice parameters and
structural parameters. The lattice parameters a, ¢ and unit cell
volume decreases monotonously with x increases because the
radius of A’ (r,3+= 0.50 A) is smaller than that of Mn*"
(Tpma+= 0.53 A) [16]. The value of c/a, however, is the highest
when X = 0.02, which indicates that
LiNi;5Co;3Mnj 3.002Al00,0, owns a better ordered hexagonal
layered structure than other samples. Above all, we believe that
Al has been incorporated successfully into the layered oxides
crystal and Al 2 sample may deliver superior electrochemical
properties.

TABLEI
LATTICE PARAMETERS AND STRUCTURAL PARAMETERS FOR
LINI; 5CO3MN; 3. 4ALyO, SAMPLES

Samples  a (A) c(A) cla  Ips/los  Unit cell volume (A%)
Al0 2.8566 142206 4.9782 1.43 101.19
All 2.8557 14.2178 4.9787 1.48 100.69
Al2 2.8550 14.2150 4.9789 1.53 100.55
Al3 2.8534 142033  4.9777 1.47 100.10
Al4 2.8524  14.1955 4.9767 1.44 99.52
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Fig. 1 XRD patterns of LiNi;;3Co,;3Mn;3.,Al,O, samples (10 — 70°)

The surface morphology of the samples were observed using
SEM, as shown in Fig. 2. The samples in Fig. 2 display
extremely fine crystallites with spherical or polyhedral
morphology, an average primary particle sizes are ~ 150 nm,
and some of which are agglomerated into a bulk. The primary
particle morphologies are similar for all prepared samples, but
the particle agglomeration is seemingly aggravated as Al
content increases, which are in accordance with the previous
report [28], [34]. In general, the regular morphology of
prepared particles is beneficial to the electrochemical
performances.

Fig. 2 SEM images of LiNi,;3Co;3Mn3.,Al,O, samples

In order to study the impact of Al substitution on the
electrochemical properties, the cells were first galvanostatically
charged to 4.6 V and subsequently discharged to 3.0 V at a
current density of 0.1 C (1 C = 180 mA g') under room
temperature. Fig. 3 shows the curves of specific discharge
capacity vs cycle number for Li/LiNi;;Co;,3Mn,;3,,Al,O, cells.
Although Al 0 sample delivers the highest discharge capacity of
139.96 mAh g at 1 C, it suffers from a significant capacity
drop during cycling and the capacity retention is 87.87% after
50 cycles. The poor cycling performances at high voltage
mainly result from the structural instability, oxygen loss from
the overlithiated oxide and side reaction caused by HF [2], [8],
[25]. On the contrary, the Al doped electrodes exhibit superior
cycleability though they own lower initial specific capacity.
Among the Al doped samples, Al 2 shows the highest discharge
capacity and has few capacity decrease during cycling. The
initial discharge capacity is 136.17 mAh g, and the capacity
retention reaches 99.10% at the 50" cycle. Furthermore, the
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specific capacity of Al 2 exceeds that of Al 0 after 15 cycles. In
addition, after 50 cycles, the capacity retention of Al 3 and Al 4
are 99.49% and 99.07%, respectively. The results confirm that
Al constitution can efficiently enhance the cycling performance
of materials.
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Fig. 3 Specific discharge capacity vs cycle number curves of
Li/LiNi;3Co13Mny3.,ALO; cells in the potential range of 3.0 — 4.6 V
at1C

IV. CONCLUSION

Al substituted layered LiNi;;3Co;3Mn;;3,,ALO, (x =0~ 0.04)
materials were successfully synthesized via a co-precipitation
and annealing process. All samples have a hexagonal &
-NaFeO, structure and no impurity phases are formed. As the
Al content increases, the lattice parameters a, ¢ and unit cell
volume decrease correspondingly. The
LiNi;5Co;3Mn;3,,ALLO, materials show good cycling
performance at high voltage. The Al-free sample has higher
initial capacity, but shows inferior cycleability than Al-doped
samples. The LiNi;;3Co;3Mny;.00Al00,0, (Al 2) material
delivers an initial discharge capacity of 136.17 mAh g’
between 3.0 and 4.6 V at 1 C rate, and the capacity retention
ratio after 50 cycles is 99.10 %. The superior electrochemical
performances along with the better thermal stability of Al 2
make it a promising high power positive electrode material for
lithium ion batteries.
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