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Abstract—A Ni;yCoy;Tips(OH), precursor was synthesized with the concentration gradient method. To overcome
the Li-ion shortage the problem due to the formation of a solid electrolyte interphase (SEI) layer during the initial
charge/discharge process in the cathode material, lithium-excess Li,,,NijsCo0yg5Tip0s0, (0<x<0.07) cathode materials
were investigated by physical and electrochemical analyses. The physical properties of the lithium-excess cathode mate-
rials were analyzed using FE-SEM and XRD. A coin type half-cell was fabricated with the electrolyte of 1 M LiPF, dis-
solved in organic solvents (EC:EMC=1:2vol%). The electrochemical performances were analyzed by the initial
charge/discharge efficiency, cycle stability, rate performance and electrochemical impedance spectroscopy (EIS). The
initial charge capacity of the cathode material was excellent at about 199.8-201.7 mAh/g when the Li/Metal ratio was
1.03-1.07. Additionally, the efficiency of the 6.0 C/0.1 C was 79.2-79.9%. When the Li/Metal ratio was 1.05, the capac-
ity retention showed the highest stability of 97.8% after 50 cycles.
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INTRODUCTION

Lithium-ion batteries (LIBs) are being developed for portable
electronic devices, such as notebooks, cellular phones and smart
watches as well as electric vehicles (EVs) and energy storage sys-
tems (ESSs), which require LIBs with a high capacity and energy
density. As the demand for EVs and ESSs increases, LIBs need to
be technologically advanced with the following features: miniatur-
ization, lightweight and a fast/rapid charge/discharge. In addition,
many studies have been conducted to satisfy the high energy den-
sity, cycle stability and safety requirements of LIBs [1,2].

LiCoO, is most widely used as a cathode material in which the
lithium-ions are reversibly intercalated and deintercalated; more-
over, it is easy to synthesize and has an excellent cycle performance
[3]. However, LiCoO, is very expensive because of a major com-
ponent of cobalt (Co), which is a limited resource. When charging
and discharging are repeated in a high voltage range, the lithium
ions can be intercalated and deintercalated. However, the electro-
chemical performance deteriorates due to structural changes at the
high voltage range, and the actual usable capacity at the operating
voltage is about half of the theoretical capacity. To overcome the
disadvantages of the LiCoO,, other cathode materials are required.
As an alternative to LiCoO, with its high cost and structural prob-
lems many studies have replaced Co with other transition metals
such as nickel (Ni) and manganese (Mn). As a substitute for LiCoO,,
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LiNiO, has attracted much attention due to its high capacity and
low cost [4]. However, LiNiO, has some problems, making its com-
mercialization difficult The nickel ions present in the lithium layer
cause a cation mixing phenomenon, which deteriorates the cycle
performance. During charging, Ni** is oxidized to Ni** causing a
change in the crystal structure, which results in a decrease in the
performance of the battery. To overcome the problems of LiINiO,,
cathode materials have been studied by replacing Ni with Co, Mn,
Al, and Ti [5-7]. Cathode materials made by partial substitution of
the Ni with Ti, such as LiNij,_,Ti,0,, can maintain both electron
neutrality and structural stability. Recently; titanium was substituted
into a high nickel content cathode material such as LiNi,g_, Ti,Co,,0,
and LiNi;;Coy,Tig0sMgy05O; to improve the cycle stability, struc-
tural and thermal stability and electrochemical properties [8,9].
When the Li-ion content in the cathode material is reduced, the
cation mixing and Jahn-Teller effects increase. Also, it is reported
that the electrochemical performance deteriorates. To overcome
this problem, studies have used Li-rich cathode materials such as
Li(Lig 17Niy 25Mng 5)O,, and Li[Lig,Niy5C000sMny 5] O, [10-12].

In this study; cathode materials were synthesized by varying the
Li/Metal ratio (1.00, 1.03, 1.05 and 1.07) to overcome Li-ion short-
age due to the formation of SEI layer during the initial charge/dis-
charge in the titanjum-substituted Ni-rich cathode materials. The
physical properties of the cathode materials with different Li/Metal
ratios were analyzed by FE-SEM and XRD. After assembling a coin
type half-cell using LiPF, (EC:EMC=1:2vol%) as the electrolyte,
the electrochemical properties of the lithium-excess cathode mate-
rials were investigated by the initial charge/discharge, cycle stabil-
ity, rate capability and EIS.
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EXPERIMENTAL

Spherical NijgCoysTipes(OH), hydroxide precursors were syn-
thesized by the co-precipitation method [13]. NiSO,-6H,0 (Norilsk),
CoSO,7H,0 (Sigma-Aldrich) and 24 wt% Ti(SO,), solution (Ameri-
can Elements) were used as starting materials and dissolved in dis-
tilled water. A 2.0 M solution of Ni and other metals was fed into a
batch reactor (100L) filled with a solution ion-exchanged water
under a nitrogen atmosphere. NaOH solution and NH,OH solu-
tion were also fed into the reactor as the precipitant and chelating
agent, respectively. The pH value, reactive temperature and stirring
speed were controlled at 10.80, 50 °C and 450 rpm, respectively.
The final precursor powder was obtained by filtering, washing and
drying at 110 °C for 24 h. The Li/Metal ratio was calculated from
the molar concentration ratio of lithium and the transition metals.
The precursor and LiOH-H,0O (FMC Co.) were mixed at 1,500
RPM in a 5L volume multi-purpose mixer for 15 min to achieve
a Li/Metal ratio of 1.00, 1.03, 1.05 and 1.07. The mixture was cal-
cined at 760 °C for 12 h in a flow of oxygen (5 L/min) to obtain the
Li;,,NiggCoy s Tip 5O, (0£x<0.07) powder. The calcined material
was pulverized using an air classifying mill (ACM), and then, the
L, ,Nip¢C0g,5Tig 50, (0<x<0.07) cathode materials were prepared
using a #325 mesh standard sieve. The synthesis procedure of the
cathode material is shown in Fig. 1. The physical properties of the
synthesized cathode material with different Li/Metal ratios were
measured by X-ray diffraction (XRD; SmartLab, Rigaku) to ana-
lyze the change in crystal structure from each manufacturing con-
dition. The surface characteristics and particle shape were analyzed
by FE-SEM (Field emission scanning electron microscope, S-2500C,
JEOL).

For the preparation of slurry, the active material, denka black
and polyvinylidene fluoride (PVDF) were dissolved in N-methyl-
2-pyrrolidone (NMP) with a weight ratio of 94: 3 : 3. The slurry was
coated uniformly onto aluminum foil with a micrometer applica-
tor at a constant thickness of 150 pm, dried at 105 °C in a 40 torr
vacuum oven for 12 hours and then rolled to a thickness of 45+
5um. The loading weight was 8.0+0.1 mg/cm’, and the packing
density was 2.8+0.1 g/cm’. The anode was made of 99.9% lithium
metal (Honjo Metal) with a thickness of 0.5 mm. The electrolyte was
1 M LiPF, dissolved in ethylene carbonate (EC) and ethyl methyl

Metal Solution Li source
v v
NaOH Solution Slurry Mixing
v v
NH,OH Solution ‘ Washing Calcination
v v
‘ Drying Pulverization
v v
‘ Grinding Sieving
v s
‘ Precursor Cathode material

Fig. 1. Schematic diagram for the synthesis of the cathode materials.

carbonate (EMC) (1:2, v/v). Additionally, a microporous trilayer
membrane (Celgard 2400, Celgard) was used as a separator. The
battery assembly process was in a dry room where the dew point
was maintained at —60 °C or lower.

After electrochemical activation, the battery performance was
evaluated at room temperature, using a charge/discharge device
(Toscat-3100, Toyo system) to analyze the initial charge/discharge,
rate stability and cycle stability. To electrochemically activate the
synthesized cathode materials, initial charging was performed by
using the constant current/constant voltage (CC/CV) method up
to 4.5V (vs. Li/Li") at a 0.1 C (20 mA/g) rate. After charging in the
CC method, when the voltage reached 4.5 V; it was maintained at
4.5V, and the charging was continued to the cutoff when the cur-
rent decreased to 0.01 mA. Discharging was performed with the
CC method up to 3.0V (vs. Li/Li") at a 0.1 C rate. The initial charge/
discharge capacity was evaluated between 3.0 and 4.3 V (vs. Li/Li").
The rate capabilities were evaluated by setting the charge rate to
0.5C and the discharge rate from 0.1 to 6 C in the range of 3.0
and 43V (vs. Li/Li*). Cycling stability was evaluated by perform-
ing a single charge/discharge cycle at 0.1 C followed by 50 cycles of
charging at 0.5 C and discharging at 1 C. EIS of the cells was con-
ducted using ZIVE LAB MP2 (Won A Tech) before charge and
discharge at frequencies from 1,000 KHz to 0.01 Hz.

RESULTS AND DISCUSSION

1. Analysis of the Physical Properties of the Lithium-excess
Cathode Materials

Fig. 2 shows the SEM images of the Li,,,NiygC0p5Tip:0; (0<
x<0.07) cathode materials with the different Li/Metal ratios. In the
figure, all of the cathode materials retained the spherical shape of
the precursor and Dy, values between 9 and 10 um. As a result, it
was not possible to distinguish the shape change according to the
change in the Li/Metal ratio using FE-SEM. The XRD pattern of a
synthesized cathode material is shown in Fig. 3 using an X-ray dif-

Fig. 2. FE-SEM images of Li,,,Niy9C0g 5 Tiy050, (0<x<0.07) synthe-
sized with various Li/Metal ratios (a) 1.00, (b) 1.03, (c) 1.05
and (d) 1.07.
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Fig. 3. (a)-(d) XRD patterns of Li,,Nij5C0y 5 Tiy 050 (0<x<0.07) syn-
thesized with various Li/Metal ratios (a) 1.00 (b) 1.03, (c) 1.05
and (d) 1.07.

fractometer to analyze the crystal structure and lattice constant of
the synthesized cathode material. The peaks of the (006), (102),
(108), and (110) planes are clearly separated, and the layered struc-
ture is well developed. The Li,, NigC0yq5 iy 0s0, (0<x<0.07) cath-
ode material with the peak of the (003), (101), (006) (102), (104),
(015), (107), (018), (110) and (113) crystal plane was found to have
a well-developed layered hexagonal o-NaFeO, structure with an
R3m space group [14,15].

Cation mixing is known to increase the instability of the struc-
ture by causing Ni** ions to interfere with the diffusion of Li* ions
in the charge/discharge process, thereby decreasing the electrochemi-
cal performance. According to Nagayama et al. [16], when the
ratio of Tpy/Tn0s is lower than 1.3, cations located in the Li-site
exhibit high cation mixing characteristics and the reversible capac-
ity tends to decrease. The peak intensity of the (003) plane can be
greatly influenced by the orientation in the measurement, and as
such, the R-factor can be used to more accurately confirm the elec-
trochemical performance. The R-factor is expressed as the value of
(Tao2)+ 006/ Ty Which indicates the hexagonal ordering. When
the R-factor value has a value of 0.41-0.44, there is almost no cat-
ion mixing [17-19]. The unit cell refinement results from the X-ray
diffraction pattern are shown in Table 1. No changes were observed
for the a-axis and the c-axis and volume change of the unit cell due
to changes in the Li/Metal ratio; however, the R-factor values were
slightly different. The lowest R-factor was found for a Li/Metal ratio

Table 1. The lattice parameters of Li,, Ni;4C0y,45Tiy0:0, (0<x<0.07)
synthesized with various Li/Metal ratios
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Fig. 4. Electrochemical profiles Li,,,Nijy5C0y s TiysO, (0<x<0.07) syn-
thesized with various Li/Metal ratios (a) electrochemical acti-
vation and (b) initial charge/discharge.

of 1.05, which indicates that hexagonal ordering is the highest and
cation mixing is the lowest.
2. Electrochemical Characterization of the Lithium-excess Cath-
ode Materials

The electrochemical activation and initial charge/discharge pro-
files of Lij,,NijgC0p g5 Tig050; (0<x<0.07) are shown in Fig. 4 and
Table 2. The electrochemical activation step was performed in the
CC/CV mode with a cut-off voltage and charge/discharge rate of

Table 2. Electrochemical characterization results of Li,, Niy,Co0ys
Tips0, (0<x<0.07) synthesized with various Li/Metal ratios

Li/Metal ratio, M/M
1.00 1.03 1.05 1.07

1.00 1.03 1.05 1.07
a A 2.8780 2.8779 2.8777 2.8777
c A 14.2283 14.2280  14.2275 14.2263
cla - 4.9438 49439 4.9438 4.9436
Cell volume A’ 102.1 102.1 102.0 102.0
R-factor - 0.438 0.427 0.422 0.424

0.1 C charge mAh/g 246.1 2481 2479 2459
Activation 0.1 C discharge mAh/g 209.6 2128 212.7 210.1
Efficiency % 852 858 858 854

01C Charge mAh/g 195.3 200.8 201.7 199.8
0.1 C discharge mAh/g 195.6 201.1 202.0 200.1
Efficiency % 100.2 100.1 100.1 100.2

1% Cydle
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3.0-4.5V (vs. Li/Li") and 0.1 C (20 mAh/g), respectively. In Fig. 4(a),
the charge capacity of the cathode material was 246-248 mAh/g;
the discharge capacity was 210-213 mAh/g, and the coulombic effi-
ciency was 85.2-85.8%. After completing the electrochemical acti-
vation, the initial charge/discharge was performed in the CC/CV
mode with a cut-off voltage and charge/discharge rate of 3.0-4.3 V
(vs. Li/Li*) and 0.1 C (20 mAh/g), respectively. In Fig. 4(b), the ini-
tial charge/discharge capacities and reversal efficiency of the cath-
ode materials were 200-202 mAh/g and 100% for three of the
cathode materials, excluding the one with a Li/Metal ratio of 1.00.
On the other hand, the cathode material synthesized with a Li/
Metal ratio of 1.00 exhibited a relatively low charge and discharge
capacity of 195.3 and 195.6 mAh/g, respectively. The reason for the
low charge/discharge capacity compared with other cathode mate-
rials is that Li-ions with reversible characteristics in the initial charge/
discharge process are consumed by participating in the SEI layer
reaction generated on the surface of the cathode material [20]. In
the second charge/discharge process, the surface reaction by the
HEF present in the cathode material and the electrolyte causes oxy-
gen desorption, and the reversible capacity is reduced by a change
in the surface structure [21].
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Fig. 5. Electrochemical performances of Li;, ,NijsC0ys T s0, (0<x<
0.07) synthesized with various Li/Metal ratios (a) rate and

(b) cycle.

Table 3. Electrochemical performances of Li, ., NijoC0g 5 Tip0sO0, (0<
x<0.07) synthesized with various Li/Metal ratios

Li/Metal ratio, M/M
1.00 1.03 1.05 1.07

0.5 C discharge mAh/g 1795 1859 186.6 185.5
1.0 C discharge mAh/g 1722 1793 180.1 1789
2.0 C discharge mAh/g 1642 1716 1732 1722
4.0 C discharge mAh/g 1556 1639 166.1 1642
6.0 C discharge mAh/g 1487 159.1 159.8 159.7
6.0C/0.1C % 761 792 792 799

mAh/g 1726 1794 180.1 179.2
Cycles 50" discharge mAh/g 1662 1742 1762 1749
Retention % 963 971 978 976

C-rate

1* discharge

The rate and cycle profiles of the Li,, NijgCop 5 Tipe50, (0<x<
0.07) are shown in Fig. 5 and Table 3. The rate capabilities of the
cathode materials were determined at a fixed charge rate of 0.5C
and discharge rates of 0.1, 0.2, 0.5, 1, 2, 4, and 6 C in the range of
3.0-4.3V (vs. Li/Li"). As shown in Fig. 5(a), the slope of the capac-
ity change with the increasing rate of the discharge rate for all the
cathode materials showed a similar decreasing tendency; however,
the discharge capacity was low for the cathode material with a Li/
Metal ratio of 1.00. The retention rates of the Li,,,NiysC0q 05 Tig0sO;
(0<x<0.07) were 76.1, 79.2, 79.2 and 79.9%, respectively, and the
lowest retention rate was observed for the cathode material with a
Li/Metal ratio of 1.00. As a result, the reason why the discharge
capacity and retention rate are low is thought to be a result of an
insufficient amount of lithium ions. The hexagonal ordering in-
creases with a decreasing R-factor when the Li/Metal ratio is 1.03-
1.07 shown in Fig. 3, and the initial discharge capacity and revers-
ibility efficiency tend to increase [22]. On the other hand, the rate
characteristic is considered to be degraded because of the low crystal-
linity with the Li/Metal ratio of 1.00.

The cycle stability was evaluated by performing 50 charge/dis-
charge cycles at a fixed charge and discharge rate (0.5 and 1 C, respec-
tively). As shown in Fig. 5(b), the cathode materials had the relatively
lowest cycle stability (96.3%) with a Li/Metal ratio of 1.00, while
excellent cycle stability (97.1-97.8%) was observed with Li/Metal
ratios of 1.03-1.07. The Li;,,NiysC0q05Ti50:0, (0<x<0.07) cathode
material had a lower rate capability; but exhibited much better cycle
stability than LiNiyCogsMngsO, cathode material [23]. As the
amount of Li-ions exhibiting reversible characteristics decreases,
the crystal structure is affected as the number of charge/discharge
cycles increases. As such, a change in the surface structure occurs,
and the degradation of the cathode material is accelerated. There-
fore, the degradation of the cathode material with a Li/Metal ratio
of 1.00 is fast because the amount of Li-ions is small.

In Fig. 6, EIS of the synthesized cathode material was meas-
ured in the range of 1,000 KHz to 0.01 Hz. A semicircular shape of a
high frequency region is observed, and a semicircular high frequency
region shows a charge transfer resistance [24]. The semicircular resis-
tance of synthesized Li,,, NiysC0yqgs Tip0s0, (0<x<0.07) cathode mate-
rials shows 166 ohm, 122 ohm, 123 ohm and 118 ohm, respectively.
As the lithium content in the cathode material increases, the sta-
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Fig. 6. Nyquist plots of Li,, NijCo0y5Tip0s0, (0<x<0.07) cathode
materials.

bility of the electrode structure increases, and the lower charge-
transfer resistance of the Li,, NijsC0g 05 i 05O, (0.03<x<0.07) mate-
rials than that of the LiNi,gCoy s Tips0, material is the reason why
it has the highest rate capability [25].

CONCLUSION

Cathode materials with different Li/Metal ratios of 1.00, 1.03,
1.05 and 1.07 were synthesized using the precursor NigCoggs i gs
(OH), prepared by the concentration gradient method. The parti-
cle size and crystal structure of the lithium-excess cathode materi-
als for lithium ion batteries were analyzed by SEM and XRD, and
electrochemical characteristics were investigated by the initial
charge/discharge, cycle stability, rate capability and EIS. It was con-
firmed that the initial discharge capacity has a high capacity for a
Li/Metal ratio range of 1.03-1.07. Considering the cycle stability,
rate capability and EIS of the cathode material, the electrochemi-
cal performance was excellent for the Li/Metal ratio range of 1.03-
1.07. Thus, a high Li/Metal ratio of a cathode material has a bene-
ficial effect on the cycle stability and rate capability.
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