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Abstract: The layered LiNigsCog,Mng, ,Mg,0, .F. (0<y<0.12, 0<z<0.08) cathode materials were synthesized by combining
co-precipitation method and high temperature solid-state reaction, with the help of the ball milling, to investigate the effects of F—Mg
doping on LiNiycCog,Mny,0,. Compared with previous studies, this doping treatment provides substantially improved
electrochemical performance in terms of initial coulombic efficiency and cycle performance. The LiNig4Cog,Mng 11Mgo.0901.96F0.04
electrode delivers an high capacity retention of 98.6% during the first cycle and a discharge capacity of 189.7 mA-h/g (2.8—4.4 V at
0.2C), with the capacity retention of 96.3% after 100 cycles. And electrochemical impedance spectroscopy(EIS) results show that
Mg—F co-doping decreases the charge-transfer resistance and enhances the reaction kinetics, which is considered to be the major
factor for higher rate performance. It is demonstrated that LiNiy¢CogoMng;1Mgo0901.96F0.04 1S @ promising cathode material for

lithium-ion batteries for excellent electrochemical properties.
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1 Introduction

With the continuous development of society, energy
consumption has become a global problem, so there is
drastically increased demand for new green energy [1].
As an energy storage and conversion device, the
lithium-ion battery (LIB) shows many advantages, such
as large energy density, high transform efficiency, little
pollution and portability [2]. LIBs have been used in a
broad range of applications, like cell phone, notebook,
electric car and medical equipment [3]. Cathode material
plays an important role in LIB, and the cathode material
directly determines its performance.

Traditional research on cathode materials of LIB
mainly concentrated on the transition metal oxides with
layered structure such as LiNiO,, LiCoO,, LiMnO, and
their derivatives. LiCoO, is one of the first commercial
LIB cathode material, but its application is limited
because of the scarce cobalt resources, high price and
toxicity [4—6]. The difficult preparation and over
charge security of LiNiO, seriously restrict its
commercialization [7-9]. The layered LiMnO, has a
high theoretical specific capacity (C,) of 285 mA-h/g.

However, its structure easily changes to the spinel
structure during the charging and discharging process,
resulting in the rapid decay of specific capacity [10—12].
Recently, intensive efforts have been directed towards
the layered Li—Ni—Co—Mn—0O (e.g. LiNigsMng;C00,0;)
composites for their high capacity, good cycling stability
and security [13—18]. Among them, LiNijyCog,Mng,0,
[19,20] has been investigated as a promising cathode
material. In order to increase the availability of cathode
material in electric vehicles and other high-power
devices, it is necessary to improve its electrochemical
performance.

At present, researchers at home and abroad have
improved the performance of materials by doping and
coating [21—24]. So far, Mg has been used successfully
to improve the cycling stability of cathode materials such
as LiNi;-,Co,0, [25] and LiLiy,Nig,Mng 0, [26]. The
improved performance is attributed to the enhanced
conductivity and structural stability [25]. Fluorine
substitution at the oxygen site has been reported to be
effective for improving cycle life and rate performance
of the cathode active materials for lithium-ion batteries
[27,28]. By understanding the effect of F-Mg doping on
the electrochemical performance of electrode materials,
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the rate and cycling properties of electrode materials can
be improved effectively. Thus, F-doping can be widely
applied in the cathode materials. In this work,
LiNig4C0,Mng,0, was prepared by a co-precipitation
method, and material was doped with Mg and F
elements. The effects of doping elements and doping
ratio on electrochemical were investigated.

2 Experimental

2.1 Preparation of cathode materials

The precursor NigsCop,Mng, ,Mg,(OH), was
prepared by the co-precipitation. Nickel sulfate
(NiSQ,4-6H,0), cobalt sulfate (CoSO,-7H,0), manganese
sulfate (MnSO,4-H,0) and magnesium sulfate (MgSO,)
were dissolved in deionized water in a certain molar ratio
of Co:Ni:(Mn+Mg)=2:6:2 with different doping amounts
of Mg (0, 3%, 6%, 9% and 12%). Then, sodium
hydroxide (NaOH) solution was added into the mixture
with 1:1.2 (V/V) of NH3/H,O to obtain a solution with
the pH value of about 11. It was subsequently stirred
under 1000 r/min at 50 °C for 12 h to react, then rested
for 10 h. After washing, it was dried at 120 °C for 8 h to
obtain precursor NipsCopoMng, Mg, (OH),. Then, the
dried precursor was ground with Li,CO; and LiF with a
certain molar ratio of (OH +F ):Li'=1:1, when the
doping amounts of F were 0, 2%, 4%, 6% and 8%,
respectively, to obtain different mixtures. The powders
were subsequently annealed at 900 °C in air for 20 h
followed by a natural cooling step to obtain
LiNig 6Co¢.Mng,,Mg,0,_.F, powders.

2.2 Physical characterization

The powder X-ray diffraction (XRD, DX-2700)
measurement, using Cu K, radiation (4=0.154 nm) in the
range of 10°—80° (26) with a step width of 0.02°, was
used to identify the crystalline phase. The particle size
and morphology of the LiNiy¢Coy,Mng,,Mg,0, F.
powders were observed by a scanning electron
microscope (JSM—6360LV) with an accelerating voltage
of 20 kV.

2.3 Electrochemical properties evaluation

The electrochemical characterization was performed
using CR2025 coin-type cell by GAMRY Reference 600
electrochemical workstation. For positive electrode
fabrication, the prepared powders were mixed with 10%
(mass fraction) of carbon black and 10% (mass fraction)
of polyvi-nylidene fluoride (PVDF) in N-methyl
pyrrolidinone (NMP) until slurry was obtained. And then,
the blended slurries were pasted onto an aluminum
current collector, and the electrode was dried at 120 °C
for 10 h in vacuum. The test cell consisted of the positive

electrode and lithium foil (negative electrode)
separated by a porous polypropylene (PP) film, with
1 mol/L LiPF¢ in EC:EMC:DMC (1:1:1 in volume) as
the electrolyte. The assembly of the cells was carried out
in a dry Ar-filled glove box. The cells were charged and
discharged over a voltage range of 2.8 to 4.4 V versus
Li/Li" electrode at room temperature. Cyclic
voltammograms were tested in the three-electrode
system using metallic foils as both counter and reference
electrodes at a scanning rate of 0.1 mV/s in the voltage
range of 3.0-4.8 V. EIS experiments were performed
with a 10 mV voltage magnitude in the range of
0.01 Hz—100 kHz.

3 Results and discussion

3.1 XRD and chemical components analysis

Figure 1 shows the XRD patterns of prepared
LiNig¢Co0¢>Mng>,Mg,0, F. (3=0.09, z=0.04). As shown
in Fig. 1, all the reflection peaks indicate that the
samples have standard a-NaFeO,-type layered structure
with the space group R3m [29], expect for the super
lattice ordering between 20° and 25°. Many researches
point out that these super lattice peaks are caused by the
LiMng cation ordering which exists in the transition
metal layers of Li,MnO; [30]. Another observation in the
XRD patterns is the clear splitting of the (006)/(102) and
(108)/(110) peaks, indicating that the materials have a
well-organized layered structure [31]. No peak of any
impurity phase is detected in the XRD patterns of Mg—F
co-doped samples, indicating that the small amount of
Mg-F co-doping has no impact on the significant
structure of the cathode material.
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Fig. 1 XRD patterns of pristine and Mg-, F-doped cathode
materials: (a) LiNi0‘6C00‘2Mn0‘202; (b) LiNiOAGCOOAzMno_z-
01.96F0.04; () LiNig¢Cop2Mng 11Mg0.0901.96F 0.04

The lattice parameters of all samples are calculated
and summarized in Table 1. The c/a ratios of all samples
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are greater than 4.9, which is well known for a material
with layered characteristic [32,33]. As the ionic radius of
Mg®* (0.72 A) is larger than that of Ni** (0.69 A), Mn*"
(0.53 A) and Co’* (0.54 A), the lattice parameter ¢
indicates that interlayer spacing increases after doping.
The process of Li" intercalation/deintercalation will be
facilitated by the enlargement of ¢ value.

The intensity ratio (R) of /(003)/1(104) is sensitive
to the cation distribution in the lattice and the degree of
cation mixing of materials [34]. When the R value is
higher, the degree of cation mixing is lower. It is
reported that the undesirable cation mixing would appear
when R is smaller than 1.2 [32,33]. The R value of all
samples is larger than 1.2, which implies that the cation
mixing is very weak for all samples. The value of R
increases after doping. It can be expected that the
undoped samples are more prone to cation mixing than
the Mg—F co-doped ones. This is because the Mg
element is more likely to occupy the Li site because of a
small difference in size between Mg®* (0.72 A) and Li"
(0.76 A), in contrast with other cations: Mn*" (0.53 A),
Co* (0.54 A) and Ni*" (0.69 A). The cation mixing of
Li/Mg exchange will restrain that of Li/Ni exchange, the
latter might induce structural collapse by the radius
changes of nickel ions (Ni*'/Ni**/Ni*") during charge and
discharge process [35]. In addition, the F doping can
also improve the crystallinity of materials. Because the
electronegativity of F~ is stronger than that of O, the
doping of F can hinder the transformation of Ni*" to Ni*",
which can also restrain the cation mixing (Li/Ni
exchange).

Table 2 lists the chemical composition of prepared
LiNig 6Co¢2Mng,,Mg, 0, .F. (y=0.09, z=0.04). As we
known, Li will loss at the temperature of 900 °C. It can
be seen that, by increasing the content of lithium source,
the lithium content of positive electrode material in a
reasonable range, and theoretical molar ratio of positive
electrode material are obtained.

3.2 SEM of synthesized LiNijsCoo;Mny;-,Mg,01.96-

Fy.04 samples

The microstructures of LiNisCo¢oMng,-,Mg,-
O1.96F0.04 (=0, 0.06, 0.09, 0.12) powders are illustrated
in Fig. 2, where a small change in the morphology of
particles by Mg doping can be identified. For the
samples with y=0, the particle size is about 0.5 pm. With
increasing amount of Mg”" doped, the particle size of the
prepared powders slightly decreases. It could be noticed
that y=0.09 exhibits the relative uniform particle size,
there are some primary particles and larger secondary
ones while y=0, 0.06, 0.12.

3.3 Electrochemical performance

To investigate the effect of F-Mg doping on the
electrochemical properties of cathode materials, the
charge—discharge tests were carried out at the rate of
0.2C in the voltage range of 2.8—4.4 V at room
temperature. As seen in Fig. 3, the specific capacities of
the first charging and discharging test of three doped
materials were compared. The initial charge capacities
of LiNigCog,Mng,0,, LiNigsC02Mng,0196F00s, and
LiNiysCogoMng 11Mgg.0901.96F004 are 201.5, 188.9 and
192.4 mA-h/g, and the discharge capacities are
180.3, 181.6 and 189.7 mA-h/g, respectively. The
correspon-ding coulombic efficiencies are 89.5%, 96.1%
and 98.6%, respectively. It is clearly seen that the
electrode reaction reversibility is enhanced considerably
when the pristine cathode powder is doped by F—Mg.
The F doping leads to deceasing the expansion rate of the
crystal lattice ¢, which improves the stability of the
layered structure, so that a small amount of F-doped
samples present excellent cycle properties. Although
Mg®" has no electrochemical activity, it plays a role in
supporting inter-layers when the crystal lattice distortion
is caused by the change of valence state of nickel during
the charging—discharging process. Accordingly, the
F-Mg doping is beneficial to the improvement of
coulombic efficiency.

Table 1 Lattice parameters of pristine and F-, Mg-doped cathode materials

Sample alA /A cla 1(003)/ 1(104)
LiNiy C0.2Mn,0, 2.8663 14.2370 4.967 1.454
LiNig 6C00.2Mno.,01 96Fo.04 2.8673 14.2476 4.969 1.524
LiNi C0.2Mng.;1Mg0.0501 06F .04 2.8643 14.2298 4.968 1.598

Table 2 Chemical composition of positive electrode materials

Theoretical amount/mol

Actual amount/mol

Sample Li Ni Co Mn Li Ni Co Mn
LiNip 6Cog,Mng,0, 1.000 0.600 0.200 0.200 0.998  0.598  0.201 0.199

LiNig 6Cog2Mng 201 96F0.04 1.000 0.600 0.200 0.200 0.999  0.597 0202  0.201
LiNig 6C0g2Mng 11Mg0.0901.96F0.04 1.000 0.600 0.200 0.110 0.997 0599  0.199 0.112
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Fig. 2 SEM images of LiNig¢Cog,Mng, ,Mg 0 96Fg0s samples calcined at 900 °C for 20 h: (a) y=0; (b) y=0.06; (c) y=0.09;

(d) y=0.12

441

Voltage/V
w A~
o =)

22
o

281§

0 50 l(I)O 15IO 260
Capacity/(mA+h-g™")
Fig. 3 Initial charge—discharge curves of LiNijCog,Mng,-,-
Mg, 0, .F. samples: (a) LiNigsCo,Mng,0,; (b) LiNige-
C002Mn201.96F0.045 (€) LiNig 6C0p2Mng 11Mg0.0901 96F0.04

Figure 4 compares the cycling performance of
LiNig 6C092Mng 0, LiNigC092Mng201.96F0.04, LiNig6-
Cop2Mny 11Mgp 0901.96F0.04 samples. The electrochemical
cycling  performance was evaluated in the
Li/LiNig6Co>,Mng, ,Mg,0, .F. cell configuration at
room temperature in the voltage range of 2.8—4.4 V at
0.2C charge rate. As seen in Fig. 4, the specific capacities
for  LiNig¢Cog,Mng,,Mg,0, . F. (¥=0.09, 2z=0.04)
samples at 0.2C discharge rates are higher than that for
pristine LiNig Cog2Mng,0,. LiNigsCog2Mng.11Mgo.00-
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Fig. 4 Cycling performance of LiNigsCop,Mng,-,Mg,0, .F.
samples at 0.2C discharge rate: (a) LiNiggCo,Mng,0,;

(b) LiNig6C092Mng0;.96F004; (¢) LiNigsCogoMng 1;Mgg g9
O1.96F0.04

O1.96Fp04s demonstrates remarkably improving the
specific capacity and cycling performance. From
Fig. 4(a), at 0.2C discharge rate, the specific capacity of
un-doped LiNijsCo¢,Mng,0; is only 155.4 mA-h/g after
100 cycles, with capacity retention of 86.2%. Whereas,
these values of LiNiysCo02Mny-01.96F004, LiNigcCoqo-
Mng 11Mg0.0901.96F0.04 are 171.9 and 182.6 mA-h/g, with
capacity retentions of 94.7% and 96.3%, respectively.
This result is expected because of the higher electronic



Qi-chao CHEN, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1397—1403 1401

conductivity of Mg—F-substituted LiNiy¢Coy,Mng,0,
compared with the pristine samples. These results
indicate that Mg—F substitution can improve the
electronic conductivity, diffusion of Li" and cycling
stability. Indeed, the sample of LiNigsCoy,Mnyg ;-
Mgj090196F004 shows the best electrochemical
performance.

Figure 5 shows the alternating current (AC)
impedance plots of LiNiy¢CogoMng,0;96F04 and
LiNiy ¢Coy,Mn,0, electrodes at about 3 V. A semicircle
was observed to center on the real axis in the high
frequency range. In the low frequency range, a straight
line with an angle of 45° to the real axis corresponds to
the Warburg impedance. The high frequency semicircle
is related to the charge-transfer resistance (R.;) and the
double-layer capacitance. The low frequency tails
resulted from the diffusion of Li" in the bulk active mass.
In the case of LiNijsCog,Mng,0,, the diameter of the
semicircle significantly depends on the potential during
charging, indicating that the film formation process is
dependent on the Li" content. On the other hand, the
charge-transfer resistance, shows a greater dependence
on the lithium insertion and extraction levels. In the
highly charged states, the sample was found to give low
R, values. Comparing the diameters of the semicircle of
the above two systems, it can be found that
LiNig ¢Cog2Mng»0; 96F¢ 04 showed lower R, value than
LiNiy¢Co,Mn,,,0,, indicating that the F-doping may
cause some defects in the LiNij¢Coy,Mng,0, system,
which increases the electronic conductivity and improves
the Li" kinetic behavior.
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Fig. 5 Nyquist plots of LiNij¢CogoMng,0, (a) and
LiNig ¢Cog ,Mng 201 96F .04 (b)

Figure 6 shows the AC impedance plots of
LiNig 6C0¢2Mng 01 96Fg 04 and LiNigCog,Mng 11Mgg o9-
01.96F04. This result is well in accordance with the rate
capability. The decreased resistance can be attributed to
the enhanced conductivity by Mg—F doping. All in all,
the doped samples reveal much lower values compared

with the ones for pristine sample, which can be ascribed
to three reasons: 1) the doping particles possess more 3D
channels for Li diffusion; 2) the doping treatment also
leads to a collapse of Ni segregation which could
suppress negative effects on fast transportation of Li
between terminated surfaces and the bulk; 3) the doping
particle may provide better surface conductivity leading
to significantly reduced R.. In fact, such observations on
EIS are consistent with the results obtained from
electrochemical testing.
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Fig. 6 Nyquist plots of LiNiyCog,Mng,0;96F004 (2) and
LiNig 6Cog2Mng 11Mg0.0901.96F0.04 (b)

Cyclic voltammetry (CV) measurements were
carried out to compare electrochemical behaviors of the
electrodes at a sweep rate of 0.1 mV/s. The peak
potentials and peak current in the CV curve represent the
electrochemical characteristics of the materials and
phase transitions that during
detercalation/intercalation of Li ions. As shown in Fig. 7,

reveal the occur
all curves of the electrodes showed a similar profile. The
appearance of only one couple of peaks in the
LiNig 6Co¢2Mng,-,Mg, 0, .F./Li cell between 3.2 and
4.6 V means that no structural transitions exist from
hexagonal to monoclinic, which is believed to limit the
reversible charge/discharge capacity in LiCoO,. The
oxidation peak of LiNipsCoy,Mn,0, was observed at
around 4.05 V, coupled with the reduction peak at
3.67 V; the oxidation peak of LiNij¢Coy,Mng,01.96F0.04
was observed at around 4.03 V, coupled with the
reduction peak at 3.79 V. In the case of LiNig4-
Cop2Mng 11Mgg0901.96F .04 electrode, the oxidation peaks
shifted down to 3.98 V, while the reduced peaks shifted
up to 3.81 V. Namely, the potential difference for the
redox couples of LiNiyCogoMng1;Mgg0001.96F0.04 Was
reduced, which indicates that the reversibility of the
electrode reaction could be enhanced by Mg-F
co-doping.
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Fig. 7 CV curves of LiNig¢Cog,Mng,,Mg,0O, .F. samples:
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4 Conclusions

1) XRD results of Mg—F-co-doped LiNisCoq,-
Mny,-,Mg,0,_.F. powders show that they exhibit similar
XRD patterns as those of pristine cathode materials.

2) Electrochemical charge/discharge measurements
in lithium-ion cells indicate that the Mg—F-co-doped
samples exhibit high discharge capacity and superior rate
capability. The F-Mg-doped LiNigsCo,Mng,0, has
better electrochemical performance than the bare
LiNiyC0poMng,0,. At 0.2C rate, the initial coulombic
efficiency of the LiNij¢Cop,Mng,0, is improved from
89.5 % to 98.6 % by F—Mg co-doping. And the capacity
retention is improved from 86.2% to 96.3 % after 100
cycles at 0.2C rate.

3) EIS results show that Mg—F doping decreases the
charge-transfer resistance and enhances the reaction
kinetics, which is considered to be the major factor for
high rate performance. In brief, LiNij¢Cog,Mng -
Mgo09O1.96F004 1s characterized to be a promising
cathode material for lithium ion batteries.
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