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Abstract Layered LiNi0.8Co0.15Al0.05O2 cathode materi-

als have been synthesized by co-precipitation methods. The

effect of pre-thermal treatment was investigated by ther-

mogravimetric differential thermal analysis. Although

X-ray diffraction has confirmed that all diffraction peaks in

XRD patterns for samples treated at 500 * 750 �C can be

a well-indexed hexagonal structure, the status of nickel

ions varied. Samples pre-treated at different temperatures

show different colors and had various contents of Ni3?

measured by XPS. Powders that heated again at 800 �C
under the condition of dried oxygen for 12 h after pre-

thermal treatment show different electrochemical perfor-

mances, which pre-thermal treated at 600 �C had a highest

reversible specific capacity about 180 mAh�g-1 and

capacity retention of 91.7 % after 50 cycles when cycled at

a current density of 0.1 C between 2.5–4.3 V at room

temperature. The relationship between the status of nickel

ions and electrochemical performance was discussed. On

the other hand, the capacity retention rates are 91.7, 96.6,

and 98.0 % after 50 cycles at 0.1 C and at 100 %DOD, 80

DOD, and 50 %DOD.

Introduction

LiNiO2 is considered as a very promising positive electrode

material for lithium-ion batteries due to its high specific

capacity up to 180 * 220 mAh�g-1. Nevertheless, it has

some shortcomings: difficulties in preparation, capacity

fading during cycling, thermal instability in its charged

state, and mixing of Li? and Ni2? due to their similar size

(i.e., 0.76 Å for Li? vs. 0.69 Å for Ni2?) [1–7]. In order to

overcome these disadvantages, several partial substitutions

for nickel have been investigated: Al [8–10], Co [11–13],

Mn [14–16], Mg [17, 18], Ti [19, 20], Fe [17], and Ga [21].

Partial substitution has shown a positive effect on the

thermal stabilization of the LiNiO2 in its charged state, and

in all of them, cobalt partial substitution shows the best

performance [11–13]. Ohzuku [22] studied the cathode

materials LiNixCo1-xO2 with different proportions of

nickel and cobalt, suggested that LiNixCo1-xO2 is a solid

solution of LiCoO2 and LiNiO2. In previous reports on the

LiNi1-yAlyO2 system [8–10], it was found that partial

aluminum substitution can further improve the thermal

stabilization of LiNiO2 due to the stability of the Al3? ions

in tetrahedral sites with stronger Al–O bond than Ni–O

bond and Co–O bond [23]. Co- and Al-doped LiNi1-x-y

CoxAlyO2 system has attracted more and more attentions

due to its high reversible capacity and excellent cycling

performance.

Recently, LiNi1-x-yCoxAlyO2 powders were synthe-

sized by various methods. Among them, the co-precipita-

tion is well known as one of the most suitable methods for

industrial production. During the preparation processes,

nickel ions of the precursors always exist in the form of

Ni2?. They are hard to be oxidized to Ni3? ions completely

even under pure oxygen, due to Ni2? ions are more

stable than Ni3? ions at high temperature [24, 25], which

leads to the mixing of Li? ions in the 3 a (000) positions

and Ni2? ions in the 3 b (001/2) positions [1, 3]. Further-

more, metal ions mixing in cathode materials deteriorate

the crystal structure and electrochemical performance [1].

Changes in the surface structure of LiNi0.8Co0.15Al0.05O2
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cathode materials were investigated by Hwang [26], Bak

[27], and Watanabe [28]. They found not only the surface

changes from the layered structure (space group R-3m) to

the disordered spinel structure (Fd-3 m) and eventually to

the rock-salt structure (Fm-3m) in the extent of first charge,

but also a NiO-like resistance layer with Fm-3m rock-salt

structure was formed on each primary particle during

cycling tests, which result in the capacity fading of

LiNi0.8Co0.15Al0.05O2. According to facts mentioned

above, it is necessary to decrease the formation of Ni2?

ions during synthesis processes.

In this paper, layered LiNi0.8Co0.15Al0.05O2 cathode

materials are synthesized by co-precipitation method,

structural and electrochemical properties of LiNi0.8Co0.15
Al0.05O2 are also investigated. The effect of pre-thermal

treatment on the material properties was studied, espe-

cially; the crystal structure and the amounts of Ni2? and

Ni3? ions in samples after pre-treatment were determined

by XRD and XPS analysis, which will affect the electro-

chemistry properties of the resulting material directly. The

possible reasons why samples pre-treated at different

temperatures show different colors and the relationship

between this phenomenon and electrochemical perfor-

mance were also discussed.

Experimental

The precursor of Ni0.8Co0.15Al0.05(OH)2.05 was synthesized

by a co-precipitation method in aqueous solution.

Ni(NO3)2�6H2O (A.R. 98.0 %, Aladdin Co.), Co(NO3)2�
6H2O (A.R. 99.0 %, Aladdin Co.), Al(NO3)3�9H2O (A.R.

99.0 %, Aladdin Co.), and NaOH (A.R. 96.0 %, Aladdin

Co.) were used as the starting materials. An aqueous

solution of Ni0.8Co0.15Al0.05(NO3)2.05 with a concentration

of 1.0 M was pumped into a beaker (volume 2 L) with the

speed of 0.04 L/h, at the same time, 2.0 M NaOH and

NH4OH solution were also fed into the same beaker.

Temperature and pH value were controlled at 50 �C and

10.5. After vigorous stirring for 12 h, the homogenous

precipitated hydroxide powder of Ni0.8Co0.15Al0.05(OH)2.05
was filtered off, washed, and dried at 120 �C for 24 h. The

resulting powders were thermal treated at 500 * 750 �C
under air for 4 h, then Ni0.8Co0.15Al0.05Oy and LiOH�H2O

were added together, and ball-milled with the molar ratio

of (Li/(Ni ? Co ? Al) = 1.05). An excess of lithium was

used to compensate for lithium loss during the calcinations.

After grinding with lithium source, the products were

heated again at 800 �C under dry oxygen for 12 h. The

processes of synthesis are shown in Fig. 1.

The crystalline structure of the samples were charac-

terized by using a D/max 2500 X-ray diffractometer, which

was equipped with a diffracted-beam monochromator (Cu

Ka radiation) in the range of 10�–90�(2h) using 0.02�(2h)
steps of a 2 s duration for routine characterization. XPS

measurement was performed to examine the oxidation state

of nickel ions by recording on ESCA-LAB MKII apparatus

with a monochromatic Al Ka X-ray source. During XPS

measurements, the base pressure of sample chamber was

kept below 3.0 9 10-10 Mbar. Emission lines were cali-

brated with C 1 s signal at 284.6 eV. In addition, the

amount of Ni3? in the samples is calculated by the peak

area ratio of Ni3?/(Ni2??Ni3?). The thermogravimetric–

differential thermal analysis was performed on DTG-60 H

(TA Instruments, Japan) with a heating rate of 10 �C/min-1

under air atmosphere from room temperature to 900 �C.
The electrochemical performances of LiNi0.8Co0.15

Al0.05O2 were investigated using a CR2025 coin-type cell,

which were carried out in Li//1 M LiPF6 in a mixture of

ethylene carbonate (EC), diethyl carbonate (DEC), and

dimethyl carbonate (DMC) (1:1:1 by volume)//LiNi0.8
Co0.15Al0.05O2 system. The conductive agent was 10 wt%

acetylene black, and 10 wt% polyvinylidene fluoride

(PVDF) was used as binder with nmethyl pyrrolidone

(NMP) as the solvent, then dried at 120 �C for 14 h in a

vacuum oven. The positive electrodes of 12.5 mm diameter

were punched out, and the thickness of positive film was

30 lm, which means the active material was 3.0 mg/cm2.

Cells were assembled in an argon-filled dry box and con-

ducted on a battery test system (LAND CT 2001A, China)

with galvanostatic charge/discharge in the voltage range of

2.5–4.3 V at room temperature for electrochemical prop-

erties. Cyclic voltammetry (CV) and impedance spec-

troscopy (EIS) were employed by electrochemical work

station (CHI660a, China). CV tests were carried out in the

voltage range of 3.0–4.8 V with a scan rate of

0.05 mV�s-1, and EIS tests were carried out with the fre-

quency ranging from 0.01 Hz to 100 kHz.

Characterization

Properties of Ni0.8Co0.15Al0.05(OH)2.05

Figure 2 presents the TG/DTA curves of thermal decom-

position of Ni0.8Co0.15Al0.05(OH)2.05. The TG curve dis-

plays that weight loss takes place in the following four

steps. Firstly, 6.73 % weight loss between 30 and 230 �C is

ascribed to the removal of adsorbed water in the precursor

powders and crystallization water Eq. (1); in the second

step, a well-defined weight loss in the range of 230–400 �C
can be ascribed to the decomposition of Ni0.8Co0.15-
Al0.05(OH)2.05 and transform into Ni0.8Co0.15Al0.05O1.025

with 19.14 % weight loss Eq. (2). The DTA curve shows

one endothermic peak at 307.19 �C corresponding to the

hydroxide decompose sharply. As the temperature
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increases above 400 �C, partly Ni2? ions were oxidized to

Ni3? ions Eq. (3). The fourth step of weight loss between

600 and 750 �C is attributed to the reduction of Ni3? ion,

because of the higher stability of Ni2? ions at elevated

temperature [24, 25], and it is evidenced by an obvious

endothermic peak at 682.10 �C in DTA curve Eq. (4).

Finally, the chemical active oxide of Ni0.8Co0.15Al0.05Oy is

obtained. It is a remarkable fact that the chemical perfor-

mance of Ni2? obtained at different temperatures varies.

Ni0:8Co0:15Al0:05 OHð Þ2:05�xH2O

! Ni0:8Co0:15Al0:05 OHð Þ2:05 ð1Þ

Ni0:8Co0:15Al0:05 OHð Þ2:05 ! Ni0:8Co0:15Al0:05O1:025 ð2Þ

Ni0:8Co0:15Al0:05O1:025 ! Ni
þ2

0:8�a
Ni
þ3

a
Co0:15Al0:05Ox ð3Þ

Ni
þ2

0:8�a
Ni
þ3

a
Co0:15Al0:05Ox ! Ni

þ2

0:8�aþb
Ni
þ3

a�b
Co0:15Al0:05Oy: ð4Þ

XRD patterns of Ni0.8Co0.15Al0.05Oy obtained after the

first thermal treatment are shown in Fig. 3. All diffraction

peaks for six samples can bewell indexed in aNiOhexagonal

structure, which belongs to cubic system with Fm-3m space

group. As the temperature increases from 500 to 750 �C, all
the peaks in the patterns become sharper and stronger,

indicating the improved crystallinity of the materials. Due to

different ion status in metal oxide, the metal oxide with

different colors were obtained, which change from black to

yellowish brown (Fig. 4). The reason of this result may be

attributed to the reduction of Ni3? ion. In order to get the

further reason,XPSwas used to examine the valence states of

nickel ions of samples. Figure 5a1–f1 shows Ni 2p XPS data

for samples treated at 500, 550, 600, 650, 700, and 750 �C,
respectively. With increasing the treatment temperature

Fig. 1 Synthesis process of

LiNi0.8Co0.15Al0.05O2 materials

100 200 300 400 500 600 700 800 900
70

75

80

85

90

95

100

105

682.10

Temperature

TG
(%

)

307.19

-100

-95

-90

-85

-80

-75

-70

D
TA

(m
W

/m
g)

Fig. 2 TG/DTA curves of Ni0.8Co0.15Al0.05(OH)2.05 in air with a

heating rate of 10 �C�min-1
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Fig. 3 XRD patterns of Ni0.8Co0.15Al0.05Oy obtained after the first
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Fig. 5 XPS data of Ni 2p, Co 2p, Al 2p for samples after the first thermal treatment at various temperatures: a 500 �C b 550 �C c 600 �C
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from 500 to 600 �C, the most intense peaks corresponding to

Ni 2p1/2 shifted from lower binding energy of 855.88–

855.93 eV but decreased to 885.83 eV when treatment

temperature continuously increased to 750 �C, suggesting
that the amount of Ni3? in six samples progressively

increased and then decreased [29–31]. Furthermore, when

using mixed Gaussian–Lorentzian profiles, as shown

in Table 1, Ni 2p3/2 peaks are well fitted in two sub-

signals at 854.18–854.73 eV for Ni2? with FWHM of

1.370–1.411 eV, and 855.83–855.93 eV for Ni3? with

FWHM of 2.436–3.727 eV, respectively. According to the

fitting results, the relative content of Ni3? in the six samples

varies from 63.83 to 65.90 %, which is calculated by the

peak area ratio of Ni3?/(Ni2??Ni3?). Figure 5a2–f2 shows

theXPS spectra of Co 2p core level. Themost intense peak at

780 eV is due to the Co 2p3/2 main peak, and the peak at

796 eV is assigned to the Co 2p1/2 main peak, which on

behalf of the two spin–orbits splitting peaks. The other two

weak peaks were corresponding to satellite peaks. Finally,

core level of Al 2p is shown in Fig. 5a3–f3 indicating the

precipitation of Al3? ions.

Properties of LiNi0.8Co0.15Al0.05O2

It is well known that because of the similar ionic size, a

disordered arrangement between transition Li layer (3b

site) and metal layer (3a site) is possible, as shown in

Fig. 6. Much more existing Ni2? ions could not be oxi-

dized to Ni3? when the materials were treated at high

temperature due to the higher stability of Ni2? [24, 25].

Replacing the position of Li? ions would block the inter-

calation and de-intercalation process and induce less

amount of Li? ions in 3b site, which leads to a decrease in

reversible capacity. Furthermore, the decrease thickness of

LiO6 octahedron layer results from Ni2? with smaller

radius occupies at Li layer, which does not favor the pro-

cesses of lithium ion’s intercalation and de-intercalation.

This will lead to the deterioration of electrochemical per-

formance [24, 32]. At the same time, the increasing

thickness of MO6 octahedron layer resulting from Li? with

largest radius in transition metal layer will weak the bond

strength, which declines the thermal stability of LiNi0.8
Co0.15Al0.05O2 [6, 7, 31, 33].

XRD pattern of prepared LiNi0.8Co0.15Al0.05O2 (first

thermal treated at 600 �C for 4 h and treated again at

800 �C for 12 h) is shown in Fig. 7. It demonstrates that

the diffraction peaks of the LiNi0.8Co0.15Al0.05O2 match

well with LiNiO2 phase, indexed in a rhombohedral

structure of a-NaFeO2 type, which belongs to R-3m space

group [32, 34]. The I(003)/I(104) intensity ratio is about

1.65 for as-prepared LiNi0.8Co0.15Al0.05O2 under dry oxy-

gen atmosphere. The ratio is higher than 1.2 (= 1.65) which

Table 1 XPS data of Ni 2p for

samples after the first thermal

treatment at various

temperatures

Samples (�C) Ni2? Ni3? Ni3?/(Ni2??Ni3?) (%)

Peak (eV) FWHM (eV) Peak (eV) FWHM (eV)

500 854.18 1.381 855.83 2.437 63.83

550 854.18 1.396 855.88 2.576 64.85

600 854.48 1.411 855.88 2.727 65.90

650 854.73 1.404 855.93 2.636 65.25

700 854.43 1.393 855.88 2.576 64.90

750 854.43 1.370 855.83 2.436 64.00

Li1-zNi0.8+zCo0.15Al0.05O2 Ideal LiNi0.8Co0.15Al0.05O2

Fig. 6 Crystal structure of

Li1-zNi0.8?zCo0.15Al0.05O2 and

ideal LiNi0.8Co0.15Al0.05O2
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indicates the mixing of Li? ions and Ni2? ions between the

slab and the interslab space suppressed [1–4, 32], which

shows better electrochemical performance.

Electrochemical study

Figure 8a compares the first charge and discharge capacity

of cell at 0.1 C rate in the range of 2.5–4.3 V after the first

thermal treatment at different temperatures. A highest

reversible capacity about 180 mAh�g-1 is obtained for

LiNi0.8Co0.15Al0.05O2, which suggests that the material

heated at 600 �C shows the best electrochemical perfor-

mance. Figure 8b presents cycle performance of pre-trea-

ted LiNi0.8Co0.15Al0.05O2 at a current density of 0.1 C

between 2.5 and 4.3 V. The capacity of sample pre-treated

at 600 �C only decreased from 181 to 166 mAh/g at the

rate of 0.1 C under room temperature after 50 cycles and

showed good cycle performance (Fig. 8c) and 91.7 %

capacity retention (Table 2). Figure 8c compares the rate

performances of the cells evaluated at variable current rates

of 0.1–2 C for 5 cycles, it is clearly discerned that the

capacities of all cells decreased as cycling current rate

increased, due to the low diffusion rate of the Li? ions

intercalate/de-intercalate electrodes at high rate [35]. To

further prove the cycle performance of LiNi0.8Co0.15
Al0.05O2 pre-treated at 600 �C, the discharge at different

depth was investigated in Fig. 8d. The capacity retention of

cells at 100 %DOD, 80, and 50 %DOD were 91.7, 96.6,

and 98.0 % after 50 cycles at 0.1 C, respectively. It may

imply that the LiNi0.8Co0.15Al0.05O2 positive electrode has

good electrochemical reversibility and structural stability.

On one hand, poorly crystalline material usually has more

defects, which means a large number of carriers, and the

improvement of crystallinity is often accompanied by the

increase of particle size and decrease of specific surface area.
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On the other hand, according to TG–DTA curve and the

results of XPS analysis, partial Ni2?will transform into Ni3?

with increasing temperature to 400 * 600 �C, and some of

Ni3? will be reduced to inactive Ni2? with increasing tem-

peraturemore than 600 �C.But the decomposition process of

precursor is strictly not in accordance with the four steps

mentioned above. In other words, the precursor not com-

pletely decomposed at 200 * 400 �C may continue to

decompose with increasing temperature even to 600�C and

Ni2?was oxidized to Ni3? at the same time. The competition

between oxidization ofNi2? to Ni3? and reduction ofNi3? to

Ni2?with low chemical activation leads to higher content of

Ni3?. Compared with others, nickel ion can transform into

Ni3? as much as possible with less mixing of Li? ions and

Ni2? ions in final materials.

A CV measurement is very helpful to understand the

electrochemical reactions at the electrode of the cell during

the charging and discharging process. Figure 9 shows CV

curves of the LiNi0.8Co0.15Al0.05O2 electrode versus Li

reference electrode. Peaks are observed at 3.68, 3.95, and

4.20 V with lithium extraction from the oxide. And the

corresponding peaks during lithium insertion into the oxide

are at 3.70, 3.95, and 4.17 V. These three couples of peaks

corresponding to different phase transition processes are

accompanied by the intercalation and de-intercalation of

lithium ions [17, 36]. The small potential separation

between the oxidation and reduction peaks of 0.03 V

suggests that LiNi0.8Co0.15Al0.05O2 electrode has good

Table 2 Electrochemical performance of the samples

Samples

(�C)
Initial charge

capacity (mAh/g)

Initial discharge

capacity (mAh/g)

Columbic

efficiency (%)

Capacity retention after

50 cycles at 0.1 C (%)

500 191.6 166.4 86.8 89.3

550 193.0 171.1 88.7 89.2

600 206.8 181.1 87.6 91.7

650 204.0 175.3 85.9 89.9

700 190.2 157.3 82.7 89.9

750 180.7 148.5 82.2 89.6
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reversibility during charging and discharging with the

intercalation and de-intercalation of Li? ions from the

crystal lattice [37]. Furthermore, a peak at 4.5 * 4.6 V is

corresponding to the oxidation reaction of Co3? [38]. In

addition, the first cycle curve exhibits a broad peak at

4.7 * 4.8 V and can be assigned to either electrolyte

oxidation [39] or initial reorganization of the transform of

Ni-rich cathode material to spinel phase above 4.7 V

involves two cubic/cubic two-phase reactions [40], which

was accompanied by release of oxygen from the spinel

lattice [41]. After 10 and 20 cycles, the oxidation and

reduction peaks both have a slight shift, illustrating

excellent cycling performance.

Typical electrochemical EIS plots from a LiNi0.8
Co0.15Al0.05O2 electrode versus Li reference electrode are

shown in Fig. 10. All spectra exhibit an arc and a straight

line in the high- and low-frequency regions. As can been

seen in Fig. 10a and b, the impedance spectra can be

explained on the basis of an equivalent circuit with ohmic

resistance (RL) from the electrolyte, separator and elec-

trode, charge transfer resistance (Rct), double-layer

capacitance, passivation film capacitance (C), and Warburg

Impedance (Zw) [37]. Figure 10c is an equivalent circuit

and fitting results are shown in Table 3. The starting point

of arc is invariant and demonstrates that all RL are nearly

equal, and the high-frequency arc width of cell increases

with cycling, which is ascribed to the phase transform,

degradation of composite electrode, and the accumulation

of low conductive products (like NiO) on the surface [26–

28]. As can be seen that among all of them, samples pre-

treated 600 �C has the lowest value of Rct, which are 12.05

X after first cycle and 32.41 X after 50 cycles. Furthermore,

comparison of the value of Zw in Table 3 is striking. The

decreasing of Zw was accompanied by cycling tests, which

due to the phase transform in surface of cathode materials

(layered structure to spinel structure, even to rock-salt

structure) leading to the diffusion of lithium ions became

more and more difficult [26–28]. And samples pre-treated

600 �C had the highest value of Zw, which consequently

shows good electrochemical performance.

Conclusion

In this work, Ni0.8Co0.15Al0.05(OH)2.05 precursors were

prepared by co-precipitation methods, then the cathode

materials with high initial capacity were synthesized after

two-stage thermal treatment. The influence of first thermal

treatment on materials has been investigated. With the

increasing of treatment temperature, partial nickel ions

were oxidized to Ni3? ions and then some of Ni3? ions

were reduced to Ni2? ions which has lower electrochemical

activity with colors of metal oxide changed from black to

yellowish brown. Electrochemical tests have shown

LiNi0.8Co0.15Al0.05O2 electrode material treated at 600 �C
has the highest reversible capacity (more than 180

mAh�g-1) and excellent cycling stability, which has high-

est content of Ni3? ions with chemical activity. We believe

that this kind of cathode material may find wide application

in EV, HEV, digital products, space applications, and

energy storage.
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