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Abstract—The layered structure LiNi1/3Co1/3Mn1/3-xAlxO2 (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 LiNi1/3Co1/3Mn1/3-xAlxO2 has a well-ordered 
hexagonal α-NaFeO2 structure. Although the discharge capacity of 
Al-doped samples decreases as x increases, 
LiNi1/3Co1/3Mn1/3-0.02Al0.02O2 exhibits superior capacity retention at 
high voltage (4.6 V). Therefore, LiNi1/3Co1/3Mn1/3-0.02Al0.02O2 is a 
promising material for “green” vehicles. 
 

Keywords—Lithium ion battery, carbonate co-precipitation, 
microstructure, electrochemical properties.  

I. 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]. LiCoO2 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 LiNi1/3Co1/3Mn1/3O2, 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 
LiNi1/3Co1/3Mn1/3O2 is one of the most promising candidates to 
replace LiCoO2 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 
LiNi1/3Mn1/3Co(1/3-z)AlzO2 [27], [28], LiNi1/3Mn1/3Al(1/3-x)CoxO2 
[29], LiNi0.5−zMn0.5−zA12zO2 [30], 
Li1-x(Ni0.40Mn0.40Co0.2-zAlz)1-xO2 [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, Al3+ substituted for 
Mn4+ in LiNi1/3Co1/3Mn1/3O2 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 Na2CO3 and NH4HCO3 
aqueous solution (molar ratio = 1:1) and a mixed solution of 
Ni(NO3)2·6H2O, Co(NO3)2·6H2O, Mn(Ac)2·4H2O and 
Al(NO3)3·9H2O 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 50-60oC, 
8–9 and 800-1000 rpm. The carbonate precursors were filtered 
and washed thoroughly by centrifuging, and then was dried at 
90oC 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 500oC for 6 h to melt the lithium salt, then calcined at 900oC 
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 2θ between 10º and 70º with a scanning speed 
of 0.06º s-1. 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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