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Abstract: Layered Li[Ni1/3Co1/3Mn1/3]O2 was synthesized with complex metal hydroxide precursors that were prepared by a 
co-precipitation method. The influence of coordination between ammonia and transition-metal cations on the structural and 
electrochemical properties of the Li[Ni1/3Co1/3Mn1/3]O2 materials was studied. It is found that when the molar ratio of ammonia to 
total transition-metal cations is 2.7:1, uniform particle size distribution of the complex metal hydroxide is observed via scanning 
electron microscopy. The average particle size of Li[Ni1/3Co1/3Mn1/3]O2 materials was measured to be about 500 nm, and the 
tap-density was measured to be approximately 2.37 g/cm3, which is comparable with that of commercialized LiCoO2. XRD analysis 
indicates that the presently synthesized Li[Ni1/3Co1/3Mn1/3]O2 has a hexagonal layered-structure. The initial discharge capacity of the 
Li[Ni1/3Co1/3Mn1/3]O2 positive-electrode material is determined to be 181.5 mA·h/g using a Li/Li[Ni1/3Co1/3Mn1/3]O2 cell operated at 
0.1C in the voltage range of 2.8−4.5 V. The discharge capacity at the 50th cycle at 0.5C is 170.6 mA·h/g. 
Key words: layered structure; coordination effect; hydroxide co-precipitation; cathode material; lithium ion batteries 
                                                                                                             
 
 
1 Introduction 
 

In recent years, LiNi1/3Co1/3Mn1/3O2 used as the 
cathode material in lithium-ion batteries has been 
extensively investigated because of its high capacity, 
good thermal stability and relatively low cost compared 
with LiCoO2[1−2]. The rechargeable capacity of 
Li[Ni1/3Co1/3Mn1/3]O2 was determined to be 160 mA·h/g 
with the cell operated in the voltage range of 2.5−4.4 V 
and to be more than 200 mA·h/g in the voltage range   
of 2.8−4.6 V [3−4]. It is well known that the layered 
LiNi1−x−yCoxMnyO2 can be synthesized by various 
methods, such as hydroxide co-precipitation route[1], 
carbonate co-precipitation route[5−6], oxalate co- 
precipitation route[7−8], and solid state method[9]. The 
structure stability and cycling stability of 
LiNi1−x−yCoxMnyO2 are greatly related to its precursors 
used in the synthesis process, and can be further 
improved by using dopants, such as Cr[10], F[8, 11] and 

Al[11−12]. For example, Li[(Ni1/3Col/3Mn1/3)0.96Al0.02- 

B0.02]O1.98F0.02, which was synthesized by hydroxide 
co-precipitation method, delivered a reversible discharge 
capacity of 190 mA·h/g in the voltage range of 3.0−4.7 
V[13]. However, the reversible capacities of the 
no-doped Li[Ni1/3Co1/3Mn1/3]O2 composites, which were 
synthesized by the same method, were reported to be 177 
mA·h/g in the voltage rang of 2.8−4.5 V[14], 169 
mA·h/g in the voltage rang of 3.0−4.3 V[15], and 162.1 
mA·h/g in the voltage rang of 3.0−4.3 V[1], respectively. 
It is obvious that the latter three values of reversible 
capacity are lower than the former value reported by YE 
et al[13]. 

The hydroxide co-precipitation method is 
commonly employed for the preparation of new 
materials via a liquid-solution transition. However, some 
of the precipitated transition-metal hydroxides are 
readily oxidized in the aqueous solution. For instance, 
Mn(OH)2 is gradually oxidized in air to form MnOOH or 
MnO2, which is regarded as the impurity of the final  
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product. It was demonstrated[14] that how to control the 
valence state of Mn in aqueous solution is critical to 
obtain homogeneous Li[Ni1/3Co1/3Mn1/3]O2 materials. 
Although some works have been done to solve this 
problem, the homogeneity and morphology of 
Li[Ni1/3Co1/3Mn1/3]O2 materials are influenced by the 
process of hydroxide co-precipitation. In this work, the 
effect of the coordination of transition-metal cations with 
ammonia on the structure and electrochemical 
performance of Li[Ni1/3Co1/3Mn1/3]O2 was investigated. 
 
2 Experimental 
 

In order to prepare a homogenous 
(Ni1/3Co1/3Mn1/3)(OH)2 precursor, the hydroxide 
co-precipitation method was employed, as reported by 
LEE et al[14]. CoSO4·7H2O (AR), NiSO4·6H2O (AR), 
MnSO4·H2O (AR), NaOH (AR), NH4OH (AR) and 
LiOH (AR) were used as starting materials. Three 
aqueous solutions, viz. 2 mol/L sodium hydroxide 
solution, 2 mol/L transition-metal salt solution and 0.36 
mol/L ammonia solution, were prepared. A complex 
solution was obtained by simultaneously dropping the 
mixed transition-metal sulfate solution (n(Ni):n(Co): 
n(Mn)=1:1:1) and ammonia solution into a hot reaction 
bath (60 °C) in an inert atmosphere. Then, a pink 
(Ni1/3Co1/3Mn1/3)(OH)2 precipitate was obtained by 
adjusting pH value of the complex solution to 11 with 
sodium hydroxide solution. After strongly stirring 
overnight in an inert atmosphere, the pink 
(Ni1/3Co1/3Mn1/3)(OH)2 particles were filtered, washed 
several times with NH4OH solution, and dried. 

The transition-metal hydroxide powder was mixed 
with excessive 8% LiOH·H2O (excess amount of Li salts 
was used to compensate for possible Li loss during the 
calcinations). After ball milling for 10 h, the mixture was 
heated to 480 °C and held for 5 h, and then calcined at 
950 °C for 10 h in air atmosphere to form the 
Li(Ni1/3Co1/3Mn1/3)O2 solid solution. The powder X-ray 
diffraction (XRD) analysis was performed using a Cu Kα 
radiation of Rigaku D/max 2550 diffractometer. The 
morphology and particle size of the powders were 
examined by using scanning electron microscope (SEM). 

A R2025 cell, which consisted of a cathode and a 
lithium foil anode separated by a Celgard 2400 porous 
polypropylene film, was assembled in a glove box filled 
with dried argon gas. The cathode contained a mixture of 
the accurately weighed Li(Ni1/3Co1/3Mn1/3)O2 powder, 
carbon black and PVDF in a mass ratio of 90.5:3.5:6.0. 
The electrolyte was 1 mol/L LiPF6 in ethylene carbonate 
(EC)-dimethylene carbonate (DMC)-ethylmethyl 
carbonate (EMC) (1:1:1 in mass ratio). The charge- 
discharge tests were performed using the coin-type 
R2025 cells operated at the current density of 16 mA/g in 

the voltage range of 2.8−4.5 V at 25 °C (160 mA/g was 
assumed to be the 1C ratio capacity. 
 
3 Results and discussion 
 
3.1 Coordination effect of ammonia with transition- 

metal cation during co-precipitation 
It is well known that NH3 plays an important role in 

facilitating the formation of dense sphere-like hydroxide 
according to the following reactions: 
 
Ni2+(aq)+Co2+(aq)+Mn2+(aq)+(x+y+z)NH3·H2O(aq)→ 

[Ni(NH3)x
2++Co(NH3)y

2++Mn(NH3)z
2+](aq)+ 

  (x+y+z)H2O                             (1) 
 
[Ni(NH3)x

2++Co(NH3)y
2++Mn(NH3)z

2+](aq)+ 
6OH−+gH2O→3(Ni1/3Co1/3Mn1/3)(OH)2(s)+ 

  gNH4OH(aq)+(x+y+z−g)NH3(g)             (2) 
 

The co-precipitation reaction occurs when the 
transition-metal salts solution and the NH3·H2O solution 
are mixed together. The individual hydroxides Ni(OH)2, 
Co(OH)2 and Mn(OH)2, which are regarded as the 
impurity phases in (Ni1/3Co1/3Mn1/3)(OH)2 product, are 
prone to separately form at different pH values 
corresponding to the different solubility product 
constants of these hydroxides, respectively, if certain 
ligand is not employed. The ligand NH3·H2O, which can 
considerably decrease the concentrations of free ion Ni2+, 
Co2+ and Mn2+ due to formation of the complex groups, 
facilitates their co-precipitation, resulting in the 
formation of a homogeneous (Ni1/3Co1/3Mn1/3)(OH)2 
phase. 

The n value of complex M(NH3)n (M=Ni2+, Co2+, 
Mn2+) can be from 1 to 6 when the molar ratio of 
ammonia to total transition-metal ions in Eq.(1) changes. 
The stability constants of complex compounds change 
with the coordination numbers of metal ions. Thus, only 
under the condition that the three complex ions of 
Ni(NH3)x

2+, Co(NH3)y
2+ and Mn(NH3)z

2+ have the 
approximate stability constants (forming the appropriate 
coordination effect of ammonia with transition-metal 
ion), the transition-metal ions of Ni2+, Co2+ and Mn2+ 
would be precipitated at the same time. For the 
preparation of a homogeneous (Ni1/3Co1/3Mn1/3)(OH)2 
phase, it is rather critical to obtain complex ion of 
Ni(NH3)x

2+, Co(NH3)y
2+, and Mn(NH3)z

2+, of which the 
stability constants are approximate. 

In the present work, (Ni1/3Co1/3Mn1/3)(OH)2, the 
precursor for the preparation of Li[Ni1/3Co1/3Mn1/3]O2, 
was prepared in an inert atmosphere. The molar ratios of 
ammonia to total transition-metal cations were 2.1:1, 
2.4:1, 2.7:1, and 3.0:1, which are denoted as Sa, Sb, Sc, 
and Sd in the following sections, respectively. 

The co-precipitated (Ni1/3Co1/3Mn1/3)(OH)2 powders 
were dried at 80 °C in vacuum to remove the adsorbed 
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Fig.1 XRD patterns of (Ni1/3Co1/3Mn1/3)(OH)2 powders 
prepared at various molar ratios of ammonia to transition-metal 
ions: (a) Sa, 2.1:1; (b) Sb, 2.4:1; (c) Sc, 2.7:1; (d) Sd, 3.0:1 
 
water because the divalent Co and Mn are readily 
oxidized at 110 °C in air atmosphere. The atomic 
absorption spectroscopy (AAS) measurement was 
performed to determine the chemical compositions of the 
co-precipitation powders. The molar ratio of Ni/Co/Mn 
was measured to be approximately 1:1:1, which is almost 
the same as the nominal one. 

Fig.1 shows XRD patterns of (Ni1/3Co1/3Mn1/3)- 
(OH)2 powders prepared at different molar ratios of 
ammonia to Ni+Co+Mn. As shown in Fig.1, a broad line 
and a intense peak at around 2θ=19° were observed in 
the XRD patterns of the four samples, which is 
consistent with the typical fingerprint of 
NixCoyMnz(OH)2 structure[14]. The absence of impurity 

phases suggests that Ni, Co, and Mn should be 
homogeneously crystallized in the hydroxide of 
(Ni1/3Co1/3Mn1/3)(OH)2. 

Fig.2 shows SEM images of the 
(Ni1/3Co1/3Mn1/3)(OH)2 powders. The particle shape of 
Sample Sc is much more spherical than Sample Sa, Sb, 
or Sd. Most of the particles have the size of 4−10 μm and 
there is no particle agglomeration. Hence, the 
coordination effect corresponding to the molar ratio 2.7:1 
of ammonia to total transition-metal ions is appropriate 
and gives rise to narrow particle size distribution without 
particles agglomeration. 

 
3.2 Phase structure of synthesized Li[Ni1/3Co1/3Mn1/3]- 

O2 powder 
Fig.3 shows the XRD pattern of the 

Li[Ni1/3Co1/3Mn1/3]O2 powders synthesized with different 
metal hydroxide precursors. No secondary phases as 
impurities are observed. All these powders are 
characterized as a layered oxide structure based on a 
hexagonal α-NaFeO2 structure (space group R-3m). 
Generally, the Li ions occupy the 3a sites, while the M 
ions (M=Co, Ni, Mn) and O ions occupy the 3b and the 
6c sites, respectively. Due to the ionic radius of Ni2+ 
(0.69 Å) close to that of the Li+ (0.76 Å), the Li+ and 
Ni2+ ions are expected to partially substitute for each 
other to form ionic solid solution in the sublattices 
corresponding to the 3b and 3a sites, respectively, which 
would give rise to disordering in structure called ‘cation 
mixing’. It has been revealed that the cation mixing 
deteriorates the electrochemical performance of the 
layered compounds previously mentioned. The integrated 

 

 
Fig.2 SEM images of (Ni1/3Co1/3Mn1/3)(OH)2 powders prepared at various molar ratios of ammonia to transition-metal cations: (a) Sa, 
2.1:1; (b) Sb, 2.4:1; (c) Sc, 2.7:1; (d) Sd, 3.0:1 
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Fig.3 Powder XRD patterns of Li[Ni1/3Co1/3Mn1/3]O2 powders 
prepared with different (Ni1/3Co1/3Mn1/3)(OH)2 precursors:   
(a) Sa; (b) Sb; (c) Sc; (d) Sd 
 
intensity ratio of plane (003) to plane (104) in the XRD 
patterns was regarded as a measurement of the cation 
mixing and had a direct impact on the electrochemical 
properties of the system[16]. Generally, when 
I(003)/I(104)>1.2, the positive-electrode material has a good 
layered structure due to the small cation mixing. The 
oxygen sublattice in the α-NaFeO2 type structure is 
distorted from the fcc array in the direction of hexagonal 
c-axis. This distortion gives rise to a splitting of the lines 
assigned to the Miller indices (006)/(102) and (108)/(110) 
in the XRD patterns, which is the characteristic of the 
layered structure. The hexagonal lattice parameters, a 
and c as well as the c/a and I(003)/I(104) and the R-factor 
which is defined as (I(006)+(102))/I(101), are presented in 
Table 1. These parameters were obtained by Rietveld 

refinement with the software MDI Jade 5.0. The a 
parameter is equal to the intralayer metal-metal distance, 
while c parameter is equal to three times the interslab 
distance. The ratio of the intensity of the (003) peak to 
that of (104) peak is larger than 1.2 except for the sample 
Sd, which matches well with above the values for the 
compounds such as LiNi1−xCoxO2 and LiNiO2. The 
present result suggests that no undesirable cation mixing 
occurs and the presently synthesized Li[Ni1/3Co1/3Mn1/3]O2 
powders with precursors of Sa, Sb and Sc deliver good 
electrochemical performance. Clear splitting (006)/(102) 
and (108)/(110) peak pairs in the XRD pattern and the 
large c/a above the required one for distortion of oxygen 
lattice indicate that the layered structure is formed[17]. 
In addition, the R-factor, which was defined by DAHN et 
al[18] as (I(006)+(012))/I(101), is considered to be a indication 
of hexagonal ordering. The lower the R-factor, the higher 
the hexagonal ordering. In the present work, the R-factor 
of the sample Li[Ni1/3Co1/3Mn1/3]O2 with Sc is the 
minimum, indicating that this sample exhibits the 
maximum hexagonal ordering. 

Fig.4 shows the SEM image of Li[Ni1/3Co1/3Mn1/3]O2 
 
Table 1 Lattice parameter a, c, c/a, R-factor and intensity ratios 
of (003) to (104) (I(003)/I(104)) of Li(Ni1/3Co1/3Mn1/3)O2 
synthesized with different (Ni1/3Co1/3Mn1/3)(OH)2 precursors 

Precursor a/Å c/Å c/a V/Å3 
I(003)/ 
I(104) 

R 

Sa 2.865 14.239 4.970 101.24 1.43 0.65 
Sb 2.867 14.263 4.975 101.53 1.20 0.62 
Sc 2.865 14.242 4.971 101.26 1.25 0.46 
Sd 2.881 14.252 4.947 101.53 1.06 0.65 

 

 
Fig.4 SEM images of Li[Ni1/3Co1/3Mn1/3]O2 samples prepared with (Ni1/3Co1/3Mn1/3)(OH)2 precursors: (a) Sa; (b) Sb; (c) Sc; (d) Sd 
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materials synthesized with different (Ni1/3Co1/3Mn1/3)- 
(OH)2 precursors at 950 °C for 10 h in air atmosphere. It 
could be seen that the Li[Ni1/3Co1/3Mn1/3]O2 materials 
prepared with precursor Sc are well crystallized and their 
average particle size is the smallest among 4 samples of 
Li[Ni1/3Co1/3Mn1/3]O2 materials. Generally, the 
Li[Ni1/3Co1/3Mn1/3]O2 materials with small particle (high 
surface area) size show excellent rate capability but their 
tap density would be low. High tap density is one of the 
important parameters for the positive-electrode materials 
because it influences the volumetric capacity of the 
commercial lithium ion batteries. The aggregated 
particles of primary particles can be found in Fig.4(c). 
The square shapes of their particles (about 500 nm) 
lightly protrude toward the outside of the aggregated 
particles. The tap density was measured to be 2.37 g/cm3 
close to that of commercialized LiCoO2. Hence, one can 
achieve both high rate capability and high tap density 
from the aggregated particles of primary particles, as 
shown in Fig.4(c). The small and uniform particles are 
the important reasons of Li[Ni1/3Co1/3Mn1/3]O2 material 
with good reversible capacity and cycling performance. 
This indicates that the phase structure and particle 
morphology of Li[Ni1/3Co1/3Mn1/3]O2 powder should be 
attributed to the appropriate coordination effect of 
ammonia with transition-metal cations during the 
hydroxide co-precipitation process. 
 
3.3 Electrochemical characteristic of synthesized 

Li[Ni1/3Co1/3Mn1/3]O2 powders 
The results on the charge/discharge performance 

and cycling behaviors of Li[Ni1/3Co1/3Mn1/3]O2 are 
illustrated in Fig.5. The tests were carried out at room 
temperature using the cell voltages of 2.8−4.5 V and the 
current density of 16 mA/g. The initial discharge 
capacities and charge-discharge efficiency are 
summarized in Table 2. The charging process was not 
ended until the cell voltage rose rapidly to 4.5 V, which 
 

 
Fig.5 Effect of (Ni1/3Co1/3Mn1/3)(OH)2 precursors on initial 
charge-discharge curves of Li/Li[Ni1/3Co1/3Mn1/3]O2 cells 

Table 2 Electrochemical performance (for the first cycle) of 
Li[Ni1/3Co1/3Mn1/3]O2 samples tested at constant current density 
of 16 mA/g 

Li[Ni1/3Co1/3Mn1/3]O2 

Precursor
n(NH4OH): 

n(Ni+Co+Mn)
Discharge 
capacity/ 

(mA·h·g−1) 

Charge- 
discharge 

efficiency/%

Sa 2.1:1 157.2 92.4 

Sb 2.4:1 176.1 87.9 

Sc 2.7:1 181.5 89.3 

Sd 3.0:1 152.7 85.7 

 
can be attributed to the Ni2+/Ni4+ redox reaction. As 
shown in Fig.5, each sample shows a distinct plateau for 
the cell voltage in the charging process. The sample Sc 
has the best electrochemical properties in the first cycle. 
The initial discharge capacity was measured to be 181.5 
mA·h/g and the initial charge-discharge efficiency is 
89.3%, indicating that the appropriate coordination effect 
of ammonia with transition-metal cations can improve 
the charge transfer efficiency and reduce the irreversible 
capacity. 

Fig.6 shows the cycling performances of the 
Li[Ni1/3Co1/3Mn1/3]O2 materials with the cell operated at 
0.5C ratio in the voltage range of 2.8−4.5 V. The sample 
Sc material exhibits the least capacity fade ratio (about 
6.0%) after 50 cycles. Thus, the appropriate coordination 
effect is obtained during the hydroxide co-precipitation 
process when the molar ratio of ammonia to 
transition-metal ions is 2.7:1, i.e. Sc sample. The 
appropriate coordination effect is effective to stabilize 
the layered structure not only by enhancing structural 
stability during cycling, but also by reducing cation 
mixing to facilitate good capacity retention. The  
 

 
Fig.6 Effect of (Ni1/3Co1/3Mn1/3)(OH)2 precursors of 
Li[Ni1/3Co1/3Mn1/3]O2 materials on cycling profiles of 
Li/Li[Ni1/3Co1/3Mn1/3]O2 cells 
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improvement of charge transfer efficiency and cycle 
stability can be attributed to the appropriate coordination 
effect. 

Fig.7 shows the AC impedance spectra of 
Li[Ni1/3Co1/3Mn1/3]O2 position-electrodes after the first 
cycle. The impedance spectra of samples Sb and Sc 
include two semicircles: a semicircle at the 
high-to-medium frequencies reflects the resistance to Li+ 
ion migration through the surface film and film 
capacitance; the another semicircle at lower frequencies 
reflects charge-transfer resistance and interfacial 
capacitance between the electrodes and electrolyte. The 
impedance spectra of samples Sa and Sd only include a 
single semicircle, i.e., the two semicircles at 
high-to-medium frequencies and lower frequencies 
combine into one semicircle. The diameter summation 
values of semicircles of Li[Ni1/3Co1/3Mn1/3]O2 electrodes 
are 180 Ω for Sa, 166 Ω for Sb, 117 Ω for Sc, and 286 Ω 
for Sd, respectively. That is, the samples Sb and Sc 
deliver the lower electrochemical reaction impedance, 
due to the larger c/a value and the smaller R-factor. 
Furthermore, the diameter of second semicircle of the 
sample Sc is only 18 Ω, especially, indicating the lower 
charge-transfer impedance of positive-electrode. The 
lowest impedance of sample Sc is consistent with the 
highest initial discharge and the best cycling 
performance. 
 

 

Fig.7 AC impedance spectra of Li(Ni1/3Co1/3Mn1/3)O2 
positive-electrodes prepared with (Ni1/3Co1/3Mn1/3)(OH)2 
precursors 
 
4 Conclusions 
 

1) Layered Li[Ni1/3Co1/3Mn1/3]O2 positive-electrode 
material for lithium-ion batteries was synthesized by 
using a hydroxide co-precipitation method. The influence 
of coordination effect of ammonia with transition-metal 
ions on the structural and electrochemical properties of 
Li[Ni1/3Co1/3Mn1/3]O2 was studied. 

2) The XRD analysis demonstrates that the 

layered-structure Li[Ni1/3Co1/3Mn1/3]O2 material is 
obtained when the metal hydroxide, (Ni1/3Co1/3Mn1/3)- 
(OH)2, is prepared with the molar ratio 2.7:1 of ammonia 
to total transition-metal ions. It has a larger I(003)/I(104)= 
1.25 and a lower R=I(006+102)/I(101)=0.46. 

3) The charge-discharge tests results show that the 
Li[Ni1/3Co1/3Mn1/3]O2 positive-electrode material delivers 
a high initial discharge capacity (181.5 mA·h/g) and 
stable cycling performance (capacity fade ratio of 94.0% 
after 50 cycles at 0.5C ratio). The good electrochemical 
performance is attributed to its good layered structure 
and the uniform particles with size of 700 nm. 
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合成条件对氢氧化物共沉淀法制备锂离子电池 
层状正极材料 Li[Ni1/3Co1/3Mn1/3]O2的影响 
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摘  要：以共沉淀法制备的过渡金属氢氧化物前驱体合成锂离子电池层状正极材料 Li[Ni1/3Co1/3Mn1/3]O2。考察氨

与过渡金属阳离子的配位效应对 Li[Ni1/3Co1/3Mn1/3]O2 材料的结构和电化学性能的影响。SEM 分析结果表明，当

NH3·H2O 与过渡金属阳离子的总摩尔比为 2.7:1 时，获得了分布均一的颗粒为过渡金属氢氧化物共沉淀，合成的

Li[Ni1/3Co1/3Mn1/3]O2材料的平均粒径约为 500 nm，振实密度接近 2.37 g/cm3，接近商品化的 LiCoO2正极材料的振

实密度。XRD 分析结果表明，合成的 Li[Ni1/3Co1/3Mn1/3]O2 材料具有六角晶格层状结构。Li/Li[Ni1/3Co1/3Mn1/3]O2

电池在 2.8−4.5 V 电压范围内的 0.1C 倍率测试结果表明，首次放电容量达 181.5 mA·h/g，0.5C 倍率循环 50 次后

的放电容量为 170.6 mA·h/g。 

关键词：层状结构；配位效应；氢氧化物共沉淀；正极材料；锂离子电池 
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