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a b s t r a c t

Mg-doped on core-shell structured layered oxide LiNi0.6Co0.2Mn0.2O2 cathodes are synthesized by doping
Mg into LiNi0.8Co0.1Mn0.1O2 core and LiNi0.2Co0.4Mn0.4 O2 shell，respectively or Mg co-doped both in core
and shell. The influence of Mg doping on crystal structure are characterized by XRD，EDS，XPS and ICP-
ES. Electrochemical tests show that doping Mg in the shell layer of Li[(Ni0.8Co0.1Mn0.1)2/3(Ni0.2C-
o

0.4
Mn0.4)1/3]O2 (SeMg) exhibits the optimized electrochemical performance, with retention of 85.79%

after 100 cycles at 0.2 C and a high discharge capacity of 128.4mAh g�1 at 5 C, compared with CeS, C
eMg, and FeMg cathodes. Mg-doped in shell layer of Ni-rich cathode material LiNi0.6Mn0.2Co0.2O2 can
not only maintains the stability of material surface, but also reduces the material impedance. The
expansion space of the crystalline host lattice caused by Mg doping in the shell will also promote the
transport of Liþ during charging and discharging. Cation doping in shell is conductive to electrochemical
performance of core-shell materials.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In the lithium-ion batteries (LIBs) industry chain, the cost of
cathode materials consists more than 30%. Moreover, cathode
materials become the key to determine the electrochemical per-
formances of LIBs, especially in energy density and cycling lifetime
[1].

In recent years, the Ni-rich cathode materials LiNixMnyCozO2

(NMC, x� 0.6) have attracted wide attention because of its high
capacity, good structural stability and low cost compared to com-
mercial LiCoO2 and spinel LiMn2O4 [2,3]. Unfortunately, the Ni-rich
LiNi0.6Co0.2Mn0.2O2 suffered from the following shortcomings due
to the high nickel content of on the surface: 1) Because of the
similar size of Ni2þ (0.69 Å) and Liþ (0.76 Å) ions, the Liþ/Ni2þ cation
mixing occurred so easily that the phase transition irreversibly
takes place from layered (R3m) to spinel (Fd3m) to rock-salt
(Fm3m) which will ultimately block Liþ diffusion [4,5]. 2) The
chnology Lanzhou University
province, China.
residual Li formed during the synthesis, appearing as LiOH and
Li2CO3 on the surface of Ni-rich materials, would bring about
electrolytes decomposition and gas produce. These side reactions
can accelerate capacity degradation of batteries [6,7]. 3) During the
charging process, Ni4þ formed in the cathode material has strong
oxidation and is reduced spontaneously to Ni2þ or Ni3þ. To balance
charge, the material releases oxygen, further causing deteriorated
thermal stability [8].

Many modification methods have been applied to enhance the
structural and chemical stability of Ni-rich cathode such as bulk
doping, surface coating, and special structure precursor [9e13]. The
core�shell structure has been considered as more effective method
to solve the above problems for these layered materials. Because
the inner core is mainly composed of high nickel ternary materials
that provides high capacity. While outer layer is mainly composed
of manganese-rich ternary materials that improves the stability of
materials [14,15]. However, although the material of the core-shell
structure can improve the shortcomings of LiNi0.6Co0.2Mn0.2O2
materials on a certain extent, it also has some drawbacks. Owning
to the different composition of core and shell, the core and the shell
will separate and produce a void layer during long cycles charge/
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discharge in core-shell materials [16e18].
Doping of ions is considered as an available way to suppress the

separation that occurs between two chemically distinct regions and
improve the electrochemical performance of core-shell structural
materials. Un-Hyuck Kim [19] studied the effect of PO4

3� doping the
core-concentration gradient-shelled Li1.2(Ni0.133Co0.133Mn0.534)O2.
The research showed that the formation of stable Mn-rich and
PO4

3--rich shells, was beneficial to alleviate the reaction between
Ni4þ/Co4þ and the electrolyte in the delithiation state and inhibit
the aggregation between the primary particles. Seung-Taek Myung
[20] investigated compositionally graded Al doping Li(Ni0.76-
Co0.09Mn0.15)O2 material illustrating that the doping Al effectively
inhibited micro cracking and maintained the stability of the ma-
terial structure. In particular, compared with other cations, the
doping of Mg ions can more effectively improve the electro-
chemical performance of layered oxide materials [21,22]. On one
hand，the length of a MgeO bond (0.205 nm) is larger than that of
a NieO bond (0.1893 nm) which can facilitate the diffusion of Liþ

ions [23,24]. On the other hand，highly electrochemically reactive
and unstable Ni can be partly replaced by inactive Mg reducing the
side reactions between the electrolyte and the highly reactive Ni4þ

when charging to high voltage [21].
In order to better understand the role of Mg ions in the core and

shell of the core-shell LiNi0.6Co0.2Mn0.2O2 material, we firstly pre-
pared the core-dopedMg, shell-dopedMg, and core-shell co-doped
Mg of LiNi0.6Co0.2Mn0.2O2 materials. Then, we investigated the ef-
fect of Mg doping on the electrochemical performances of core-
shell materials.
Fig. 1. Schematic illustration of core-shell structure with Mg-doped
LiNi0.6Co0.2Mn0.2O2.
2. Experimental

2.1. Preparation of cathode materials

A carbonate co-precipitation method was applied for the syn-
thesis of materials. The core-shell of LiNi0.6Co0.2Mn0.2O2 material
was named as CeS. The core-doped, core-shell co-doped, shell
doped Mg of LiNi0.6Co0.2-xMn0.2-xMgxO2 (x¼ 0.02) material was
named as CeMg, FeMg and SeMg, respectively. Different molar
ratio of Ni/Co/Mn/Mg from Ni(CH3COO)2,4H2O, Co(CH3-

COO)2,4H2O, Mn(CH3COO)2,4H2O and MgCl2,6H2O were dissolved
in deionized water (0.5M) to constitute core solution labeled as
solution A and shell solution labeled as solution B. The proportions
of Ni: Co: Mn: Mg in solution A and B can be referred as Table 1.
Among them, themolecular formula of differentMg doping samples
is as follows：Li(Ni0.8Co0.1Mn0.1)2/3(Ni0.2Co0.4Mn0.4)1/3O2 (CeS),
Li(Ni0.8Co0.085Mn0.085Mg0.03)2/3(Ni0.2Co0.4Mn0.4)1/3O2 (CeMg),
Li(Ni0.8Co0.09Mn0.09Mg0.02)2/3(Ni0.2Co0.39Mn0.39Mg0.02)1/3O2 (FeMg),
Li(Ni0.8Co0.1Mn0.1)2/3(Ni0.2Co0.37Mn0.37Mg0.06)1/3O2 (SeMg).

In addition, 0.5MNa2CO3was labeled as solution C. The solution
A was pumped into a continuously stirred reactor with a certain
flow rate. At the same time, the solution C was also pumped into a
continuously stirred reactor with a certain flow rate. The pH of the
solution in the reactor was controlled between 8.0 and 9.0 by
controlling the rate of liquid addition of solution A and solution C.
Table 1
The different molar ratios of core solutions and shell solutions in CeS, CeMg, FeMg and

Solution A

Ni/mol Co/mol Mn/mol Mg/mo

CeS 0.5333 0.0666 0.0666 0.0000
CeMg 0.5333 0.0566 0.0566 0.0200
FeMg 0.5333 0.0600 0.0600 0.0133
SeMg 0.5333 0.0666 0.0666 0.0000
Also, the reactor maintained the reaction solution at a constant
temperature of 75 �C and with stirring speed of 600 r min�1. When
the metal ions in solution A were completely precipitated, solution
B was pumped into a continuously stirred reactor with a same
certain flow rate. Simultaneously, solution C was added at the same
rate to keep the temperature and pH constant in the reactor. The as-
prepared precursor was filtered, washed, and dried at 100 �C for
12 h. Then the precursors were preheated at 450 �C for 5 h �C and
were mixed with CH3COOLi in a ratio of 1: 1.08. Finally, the core-
shell and Mg-doped LiNi0.6Co0.2Mn0.2O2 materials were synthe-
sized by sintering at 850 �C for 12 h under O2 atmosphere. Fig. 1 is
the schematic illustration of Mg doping core-shell LiNi0.6-
Co0.2Mn0.2O2 particle.
2.2. Materials characterization

The XRD patterns were represented by powder X-ray diffraction
with Cu Ka radiation and the diffraction angle 2q range of 10�e70�.

The morphology and element distribution in cross section of
materials were examined by scanning electron microscopy (SEM,
JSM-5600, Japan) and Energy dispersive X-ray spectroscopy (EDS).

The Ni2p, C1S, and Mg1s, binding energies of the particles surface
were measured by XPS (GG 314-JPS-9200) techniques.

ICP-AES was employed to measure the electrodes which were
charged to 4.3 V and then put in electrolyte at vacuum dryer under
328 K for two weeks. The number of transition metal (Ni, Co, and
Mn) which dissolved in electrolyte was gauged through ICP-AES.
SeMg samples.

Solution B

l Ni/mol Co/mol Mn/mol Mg/mol

0.0666 0.1333 0.1333 0.0000
0.0666 0.1333 0.1333 0.0000
0.0666 0.1300 0.1300 0.0066
0.0666 0.1233 0.1233 0.0200



Table 2
Lattice parameters of CeS, CeMg, FeMg and SeMg samples.

Sample a (Å) c (Å) c/a I003/I104

CeS 2.8747 14.2301 4.9502 1.2630
CeMg 2.8737 14.2305 4.9519 1.2648
FeMg 2.8717 14.2307 4.9554 1.4310
SeMg 2.8715 14.2312 4.9560 1.4867
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2.3. Electrochemical characterization

The active material powders, polyvinylidene fluoride (PVDF),
and acetylene black were mixed with a weight ratio of 8:1:1 in N-
methyl-pyrrolidone. The loading of the active material on the
aluminum foil is 1.14mg cm�2. The slurry was coated on an Al foil
and dried at about 120 �C for 12 h. The 2032 coin-type cells were
assembled in an argon atmosphere glove box using lithium metal
as negative electrode, the prepared electrode material as cathode,
and 1mol L�1 LiPF6-ethylene carbonate (EC)/diethyl carbo-
nate(DEC) (1:1,v/v) as the electrolyte.

The charge and discharge tests was performed on a LAND
CT2001A tester (Wuhan, China) from 3.0 V to 4.3 V at 25 �C.

The electrochemical impedance spectroscopy (EIS) analysis on
CHI660C electrochemical analyzer with three-electrode system
(Shanghai, China) was measured at the fully delithiated state of
4.3 V between 100 kHz and 10mHz with 5mV amplitude.

3. Result and discussions

XRD patterns of the CeS, CeMg, FeMg and SeMg materials are
shown in Fig. 2 All the XRD patterns have no impurity peaks and fit
well with hexagonal a-NaFeO2 structure belonging to the R-3m
space group. The obvious splitting of (006)/(102) and (108)/(110)
peaks in all XRD patterns indicates the formation of a well-ordered
layered structure for all samples [25]. The result suggests that the
layer structure isn't destroyed by the substance of Mg. For the sake
of understanding the influence of Mg doping on the crystal struc-
ture of materials, the lattice parameters are calculated on Table 2. It
can be observed that the values of lattice parameters c gradually
increase with the doping Mg. Due to the radius of the Mg ion is
larger than the radius of the Co andMn ions, which will enlarge the
space of crystal lattice when the Mg ions have entered the lattice
and partly replace Co and Mn ions. The increase in c-lattice
parameter is beneficial for the transfer of Li [22,26,27]. In general, a
higher ratio of the lattice constant c/a of SeMg indicates its better
layered structure [28]. Moreover, the ratio of I (003)/I (104) can
reflect the degree of Liþ/Ni2þ cation mixing. The larger I (003)/I
(104) value indicates a lower cation mixing [29]. Compared with
the CeS, CeMg, and FeMg sample, the ratios of I (003)/I (104) in
SeMg materials significantly are bigger. This indicates that the
doping Mg in the surface layer of the core-shell structure can
effectively reduce the degree of cation mixing of the material and
Fig. 2. XRD patterns of CeS, CeMg, FeMg and SeMg powders.
accelerate the transmission of Li ions [30]. Hence, it can be expected
that SeMg materials have better electrochemical performance.

To prove that the designed distribution of each metallic element
is realized, the morphologies and the elemental distribution on the
cross-section of the CeS, CeMg, FeMg and SeMg materials are
studied by SEM and EDS in Fig. 3. As shown in Fig. 3 (a, b, c, d), all
the powders exhibit spherical shapewith an average particle size of
10 mm. There are no distinct differences of particle morphology or
size by Mg ions doping. Fig. 3(e) displays that the design of core-
shell sample is: the core is composed of LiNi0.8Co0.1Mn0.1O2 and
the shell is composed of LiNi0.2Co0.4Mn0.4O2, which is an average
composition of LiNi0.6Co0.2Mn0.2O2. Therefore, the content in Ni
significantly decreases while that of Co and Mn increases from core
to the shell of the particle [31,32]. Fig. 3(f) clearly demonstrates that
theMg ions are uniformly doped in the core of thematerial, andMg
ions are not detected in the shell of the material. However, the
constant concentration of Mg ions is uniformly distributed
throughout the particle in Fig. 3(g). Fig. 3(h) clearly verifies that the
content of Mg is not detected in the core portion of thematerial and
the Mg ions are successfully doped into the shell of the material
[33].

XPS measurement was used to study further assisted proofs for
the decreased degree of Liþ/Ni2þ cation mixing and the amount of
Li2CO3 after Mg doping. The valence states of Ni, C, Mg on the
surface of CeS, CeMg, FeMg and SeMg materials are investigated.
According to the matching XPS data, the consequence of XPS
spectra Ni 2p3/2 demonstrates that Nickel exists as both Ni2þ and
Ni3þ in all of the materials [34]. As shown in Fig. 4(a, d, g, j) it can be
observed that the Ni 2p3/2 peaks of CeS and CeMg material locates
Fig. 3. SEM and EDS images of the CeS (a, e), CeMg (b, f), FeMg (c, g) and SeMg(d, h).



Fig. 4. XPS spectra and fitting results of CeS, CeMg, FeMg and SeMg samples: (a)(d)(g) (j) Ni 2p, (b)(e) (h)(k) C 1s, (c)(f) (i)(l) Mg 1s.

Fig. 5. Metal dissolution amount of the CeS, CeMg, FeMg and SeMg samples after
storage at 328 K.
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at 853.58 eV and 853.78 eV. Whereas, the Ni 2p3/2 peaks of FeMg
and SeMg are observed at 853.98 eV and 854.28 eV, respectively.
This phenomenon indicates that less Ni2þ exists on the surface of
SeMg material in comparison with CeS, CeMg and FeMg. This
result demonstrates that the doping Mg in the shell layer of the
core-shell structure has lower degree of cation mixing, which is
also consistent with the result in Fig. 2 [35e37]. Combined with the
C 1s spectrum in Fig. 4(b, e, h, k), the carbon peak of Li2CO3 at
289.8 eV in the material shows the lowest value than CeS, CeMg
and FeMg samples, suggesting that the amounts of Li2CO3 on the
surface of SeMg material are less than other materials [10]. This is
mainly attributed to the following reasons: on the one hand, more
Li1þxNi0.6Co0.2Mn0.2MgxO2þd or LixMgO2þs compounds can
possibly form on the surface of materials during synthesis, thereby
reducing the formation of Li2CO3/LiOH [38]. On the other hand, the
shell doped Mg is not only effectively enhancing the metal bond
energy and maintaining stability of material surface on fresh par-
ticles, but also makes it more resistant to H2O/CO2 [39]. In addition,
compared with CeS, CeMg and FeMg samples, the content of Mg is
the highest on the surface of SeMg material as shown in Fig. 4(a, d,
g, j). The above results show that doping Mg on the shell of core-
shell structure materials can reduce the cationic mixing degree
and the formation of Li2CO3 on the surface of materials.

In order to further study the effect of Mg doping on core-shell
structure LiNi0.6Co0.2Mn0.2O2 materials. The amount of transition
metal ions in CeS, CeMg, FeMg and SeMg samples dissolved in the
electrolyte was also studied and presented in Fig. 5. It can be
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observed that the dissolving amount of Ni andMn in SeMg samples
is much lower than that of CeS, CeMg and FeMg samples in the
electrolyte for twoweeks at 55 �C. In addition, we also observe that
the dissolving amount of Co is little in all samples. All the results
also show that core-shell structure materials can better inhibit the
dissolution of transition metals in materials. Theoretically，the
bond dissociation energy of MgeO (△Hf298¼ 394 kJmol�1) is
bigger than that of NieO(△Hf298¼ 391 kJmol�1), MneO
(△Hf298¼ 402 kJmol�1)and CoeO (△Hf298¼ 368 kJmol�1)
[22,40]. Thus, doping Mg in the shell effectively enhances the metal
bond energy, maintains stability of material surface, and then re-
duces the dissolution of transition metals in the material [41e44].
3.1. Electrochemical results and discussion

The electrochemical performance of CeS, CeMg, FeMg and
SeMg sample was evaluated in CR2032 coin type half-cell, inwhich
the potential range from 3 to 4.3 V at a rate of 0.1 C and 0.2 C. As
shown in Fig. 6, all materials display similar and smooth curves,
indicating that the different Mg doping methods have small
changes during charge and discharge. As shown in Table 3, the
SeMg sample exhibits the highest initial discharge specific capacity
and coulombic efficiency. In contrast，the CeS sample exhibits the
lowest discharge specific capacity and coulombic efficiency. The
above results indicate that the discharge capacity and columbic
efficiency of core-shell materials can be enhanced by doping Mg on
the surface of the shell. Generally, the side reaction between
organic electrolyte and electrode will form the CEI，which cause
the irreversible capacity in the first cycle. This higher discharge
specific capacity and columbic efficiency may be attributed to the
fact that the SeMg simple surface forms a more stable CEI film,
thereby reducing the amount of irreversible lithium ions in the
materials [45e47].

The cycling performances and coulombic efficiency of the CeS,
CeMg, FeMg and SeMg samples at 25 �C under 0.2 C are shown
in Fig. 7. The SeMg sample exhibits a small discharge capacity drop
from 183mAh g�1 to 157mAh g�1 after 100 cycles, with capacity
retention of 85.79%. On the contrary, the capacity retentions of CeS,
CeMg, and FeMg sample after 100 cycles are 69.14%, 72.53%, and
78.93%, respectively. In order to better observe the discharge curve
of materials under different cycle times, the discharge curves of the
CeS, CeMg, FeMg and SeMg samples at different cycle times are
shown in Fig. 8. As detailed description of different cycle times in
Fig. 8, with the increase of cycle times, the voltage drop of SeMg
samples is weaker than that of CeS, CeMg, and FeMg samples
during the process of discharging, implying smaller polarization
[48,49]. What's more，the SeMg sample shows the highest
discharge specific capacity and voltage platform after 100 cycles,
Fig. 6. The charge and discharge curves of CeS, CeMg, FeMg an
which is consistent with the results of Fig. 7. These improvements
are partly ascribed to the decrease of the Liþ/Ni2þmixing degree by
Mg-doping in shell, which is not only facilitates charge transfer
reaction in the layered structure materials [50e52], but also in-
hibits the transition of material surface from the layered structure
to the spinel phase and the salt rock phase [53,54]. On the other
hand, owing to the stronger MgeO bonding, the surface layer
doping Mg reduces the side reaction between surface residual al-
kali and electrolyte during the cycle, further inhibits corrosion of
materials by HF in the electrolyte and improves the structural
stability [10].

The rate capabilities of CeS, CeMg, FeMg and SeMg samples
are displayed in Fig. 9. The discharge capacities of all the cells
decrease. However, the SeMg samples show better rate perfor-
mance than CeS, CeMg, and FeMg. As shown in Fig. 9, the
discharge capacity of the SeMg sample is 128.4mAh g�1 at 5 C,
which is higher than 108.5mAh g�1, 112.5mAh g�1, 122mAh g�1 of
the CeS, CeMg, and FeMg samples, respectively. Moreover, the
capacity of SeMg cathode can be recovered quickly when dis-
charged at 0.1 C again, further verifying its excellent cycle stability.
The significant enhanced rate capability of SeMg cathode materials
may be attributed to the fact that the surface of Mg doping better
expands the pathway of Liþ transfer and effectively enhances the
Liþ conductivity and electron transport in materials [55,56].

The interfacial electrochemistry properties of CeS, CeMg, FeMg
and SeMg samples have been investigated by CV curves between
3.0 and 4.3 V at a scan rate of 0.1mV s�1 (Fig.10). The redox reaction
gap (DV) between the anodic peak and the cathodic peak is
considered to show the electrochemical reversibility of electrodes
[57]. The DV values of CeS, CeMg, FeMg and SeMg are 0.292,
0.285, 0.242, and 0.111V respectively. The DV values of the SeMg
samples are smallest after first cycle, indicating no obvious polar-
ization and the good cyclic stability during the cycling. This lower
polarization may be attributed to the fact that the shell doped Mg
can reduce the amount of irreversible lithium ions in the materials
and enhance the interface stability for cathode.

Fig. 11 shows the differential curves (d Q/d V) of the CeS, CeMg,
FeMg and SeMg samples at 2, 3, 4, 5 and 6 cycles and a cut off
voltage of 3e4.3 V at 0.1C. The oxidation peaks corroborate that all
samples underwent a series of phase transitions during charging.
While H2eH3 phase transition, situated in 4.2 V, was irreversible
and increased mechanical strain that subsequently deteriorated its
recharge ability [58]. In comparison with undoped CeS samples，
the intensity of the H2/H3 oxidation peak for those Mg doped
cathode materials markedly dropped, suggesting Mg doping can
inhibit structural phase transition. In addition, Fig.11 (d) shows that
the shell doping is a more effective method to suppress phase
transition in contrast to core doping and full doping. This is mainly
d SeMg materials at rate of 0.1 C, 0.2 C between 3 and 4.3 V.



Table 3
The discharge specific capacity and coulombic efficiency of CeS, CeMg, FeMg and SeMg samples.

Sample 0.1 C 0.2 C

Discharge Specific Capacity (mAh g�1) Columbic Efficiency (%) Discharge Specific Capacity (mAh g�1) Columbic Efficiency (%)

CeS 175.3 78.7% 174.4 93.3%
CeMg 176.0 80.4% 175.9 94.8%
FeMg 181.3 83.4% 180.9 95.4%
SeMg 188.8 86.9% 183.3 95.5%

Fig. 7. Cycle performance of the CeS, CeMg, FeMg and SeMg samples at room
temperature under 0.2C.

Fig. 8. Discharge curves of the CeS, CeMg, FeMg
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due to the following reasons: On the one hand, the Mg doping in
shell layer not only can improve the structural stability of the
cathode material, but also reduce the side reactions between the
electrolyte and the highly reactive Ni4þ during the charge and
discharge process [59]. On the other hand, the Mg doping in the
surface layer can inhibit the formation of H3 phase in the material,
reduce the polarization of the material, and ultimately enhance the
cycling and rate performance of the material [36,60].

Electrochemical impedance spectroscopy measurements were
carried out to further confirm the improved electrochemical per-
formance of CeS, CeMg, FeMg and SeMg samples. Fig. 12 shows
the impedance spectra of CeS, CeMg, FeMg and SeMg electrodes
at the charge state of 4.3 V in the 1 st, 50 th and 100 th cycles. All
curves are composed of semicircles and a nearly straight line. The
semicircle in the high frequency is assigned to the cathode surface
Rsei. The semicircle inmedium-to-low frequency is corresponded to
Rct: charge transfer resistance. Furthermore, the nearly straight line
in the low frequency region stands for Warburg resistance. The
values of Rsei and Rct are obtained by fitting ZSimpWin software.
The corresponding results of Rsei and Rct are shown in Table 4. As
can be seen from Fig. 12, with the increase of the number of cycles,
the values of Rsei decrease gradually, while the values of Rct increase
gradually. This can be interpreted as that there is a self-repair
and SeMg samples at different cycle number.



Fig. 9. Rate performance of the CeS, CeMg, FeMg and SeMg samples at different C-
rates.
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process of CEI in core-shell cathode material. The surface structure
degradation compounded by the electrolyte consumption leads to a
continuous build-up of an impedance-increasing surface film [61].
Compared with CeS, CeMg and FeMg sample, the SeMg samples
shows the lowest Rsei values decreasing from 0.2136 (U g) to 0.0429
(U g). This is mainly because Mg doping in shell may inhibit further
formation of rock salt on the surface during charge-discharge
Fig. 10. The first cyclic voltammograms of the CeS, CeMg, Fe
process [36]. Meanwhile, the SeMg sample also shows the lowest
Rct values increasing from 0.0277 (U g) to 1.6368 (U g) with the
cycle number. Mg doping on the surface can maintain the stability
of the material surface and reduce the material impedance [59].

In addition，impedance method was used to estimate the
diffusion coefficient of Liþ (DLiþ) which was similar in magnitude
for the four cathodes in the Table 5 [62,63]. However, DLiþ of SeMg
samples was maximumwhich further certified that the presence of
Mg in the shell can enlarge the space in a crystal lattice and facil-
itate the transfer of Liþ during the charging and discharging [64,65].
The results are in agreement with previous results for better rate
performance and cycling performance of SeMg samples.

4. Conclusion

Core-shell cathode material Li[(Ni0.8Co0.1Mn0.1)2/3(Ni0.2C-
o

0.4
Mn0.4)1/3]O2 and different Mg doping of core-shell materials

(core doping Mg, core-shell co-doped Mg, and shell doping Mg)
was successfully synthesized via a co-precipitation method.
Compared to core doping Mg and core-shell co-doped Mg mate-
rials, the doping Mg in the shell layer materials can enhance the
NieO bond, reduce the degree of cation mixing, and inhibit the
dissolution of transition metals and the formation of H3 phase in
the material. Furthermore, the doping Mg in the shell layer mate-
rials exhibits the optimized electrochemical performance. This
excellent electrochemical performance of SeMg material may be
attributed to the Mg doping on the surface not only can maintain
the stability of the material surface and reduce the material
impedance, but also enlarge the space in a crystal lattice and
accelerate lithium ion transport with the presence of Mg in the
Mg and SeMg cell recorded at a scan rate of 0.1mV s�1.



Fig. 11. The d Q/d V curves of the CeS, CeMg, FeMg and SeMg samples at different cycle number.

Fig. 12. Nyquist plots of CeS, CeMg, FeMg and SeMg (a) 1st, (b) 50th, (c) 100th in the
charged state at 4.3 V and equivalent circuit model (d).

Table 4
Rsei and Rct date of the CeS, CeMg, FeMg and SeMg samples.

Sample Rsei (U g) Rct (U g)

1st 50th 100th 1st 50th 100th

CeS 0.3891 0.2617 0.1728 0.1087 1.4020 2.3091
CeMg 0.3065 0.2562 0.1375 0.0847 1.1109 2.0574
FeMg 0.2534 0.2272 0.0492 0.0699 0.8081 1.8339
SeMg 0.2136 0.2113 0.0439 0.0277 0.7316 1.6368

Table 5
DLi þ date of the CeS, CeMg, FeMg and SeMg samples.

Sample DLiþ

1st 50th 100th

CeS 2.40� 10�12 0.28� 10�12 0.13� 10�12

CeMg 2.93� 10�12 0.37� 10�12 0.15� 10�12

FeMg 3.69� 10�12 0.78� 10�12 0.17� 10�12

SeMg 4.02� 10�12 1.15� 10�12 0.19� 10�12
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shell during the charging and discharging. Thus, we believe that the
dopingMg in the shell layer is deemed to an attractive modification
method for enhancing the electrochemical performance of core-
shell LiNi0.6Co0.2Mn0.2O2 materials.
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