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Abstract
Surface modification plays a vital role in improving the rate performance and cycling stability of layered Ni-rich
LiNi0.6Co0.2Mn0.2O2 (NCM622) cathode materials for Li-ion batteries. In this study, Li2MgTi3O8 (LMTO)-coated NCM622
was successfully synthesized by wet coating combined with sintering process. The results of morphological analysis showed a
uniform LMTO layer coated on the surface of NCM622 materials. The dual ions of Ti4+ and Mg2+ on surface structure of
NCM622 were identified by X-ray diffraction and X-ray photoelectron spectroscopy. The surface coating layer prevented the
direct contact between the active cathode material and the electrolyte which significantly reduced the side reactions, and the
doping of Ti4+ and Mg2+ improved the structural stability of the NCM622 materials. The electrochemical performance indicates
that NCM622 cathode with a coating layer of 0.5 wt% LMTO exhibited excellent cycle stability and maintained a capacity
retention up to 76% after 200 cycles at 25 °C at 1 C-rate, which was higher than the value of 52% for the NCM622.
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Introduction

In facing with the increasing energy demands and environ-
mental pollution caused by fossil energy, the development
of sustainable energy storage system has become more and
more critical. Rechargeable Li-ion batteries have been widely
applied in electric vehicles, portable electronic devices, and
aerospace industries due to their high energy density and low
self-discharge [1–3]. However, the conventional Li-ion bat-
tery prepared with LiCoO2 cathode material could not satisfy

the increasing demands of high specific energy, low cost, and
high safety [4, 5]. The layered Ni-rich cathode materials
(LiNixCoxMnzO2, x ≥ 0.6, x + y + z = 1) have drawn much at-
tention among the various advanced cathode materials, i.e.,
LiCoO2, LiFePO4, LiMn2O4, and LiNi1.5Mn0.5O4, owning
to its higher energy density, lower price, and thermal stability
[6]. Unfortunately, the Ni-rich cathode materials have always
been encountered with some critical challenges such as ion
mixing, structural instability, and residual lithium that limit
its practical applications. Concerning the ion mixing, the Ni-
rich cathode materials exhibit R3m structure where lithium
ion locates at 3b sites and the transition metal ion locates at
3a sites. Because the radius of Ni2+ is 0.069 nm, which is
similar to 0.076 nm for Li+ [7], Ni2+ ions can easily migrate
from 3a sites to 3b sites and cause the ion mixing during the
charge/discharge cycling process. The presence of Ni2+ in the
lithium layer will hinder the diffusion of lithium ions in the
bulk phase, which accelerates cathode material structure dete-
rioration and battery capacity fading eventually [6]. As for the
structural stability, the crystal structure of the Ni-rich cathode
material converts from the layered phase (R3m) to the spinel-
like phase (Fd3m) and rock-salt phase (Fm3m) after a long
charge/discharge cycles [6, 8]. It will lead to a symmetric
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expansion and contraction of the cathode materials, which is
responsibility for the generation of microcracks [9].
Meanwhile, the new generated Fm3m phase at the surface of
cathode materials reduces the ionic conductivity and obstructs
lithium-ion diffusion between the cathode and electrolyte.
Besides, the residual lithium, such as Li2CO3 and LiOH, is
usually found on the surface of Ni-rich cathode materials due
to the surface reactions of cathode materials with the moisture
and CO2 in the air. The residual lithium will react with elec-
trolyte that triggers a series of side reactions, such as forming
cathode-electrolyte interface layer, and releasing gas to cause
the severe safety issues [10]. In addition, the electrolyte de-
composition can be accelerated due to the highly reactive Ni4+

contained in the delithiated Ni-rich cathode materials, which
causes a depletion in active material and electrolytes with
capacity fading [11]. As mentioned above, ion mixing, struc-
ture instability, and residual lithium are the main reasons for
the poor stability of the Ni-rich cathode materials.

Many methods have been employed to overcome the prob-
lems mentioned above and improve the electrochemical sta-
bility of Ni-rich cathode materials. Various ions such as Mg2+

[12], Ti4+ [13], Sn4+ [14], Al3+ [15], and Zn4+ [16] were
employed as the doping elements to improve the electrochem-
ical performances of Ni-rich cathodematerials. It was revealed
that the ion doping could change the valence states, increase
the strength of the transition metal–oxide bond, suppress the
cation mixing and structure degradation, improve the ionic
and electronic conductivity of the Ni-rich cathode materials,
and prevent the side reactions [16, 17]. The surface coating is
an effective method to avoid the direct contact and the side
reactions between the cathode material and the organic elec-
trolyte, keeping a crystalline structure of cathode materials
with the improved electrochemical performance [6].
Therefore, many materials were introduced to modify Ni-
rich cathode materials, such as metal oxide [18–22], active
electrode materials [23–27], and carbon materials [28–30].
Meanwhile, both doping and surface coating were also be
applied to figure out the problems of Ni-rich cathode materials
such as Mg doping and Al2O3 coating [31], Mg doping and
Li3PO4 coating [32], Ce doping and Ce0.8Dy0.2O1.9 coating
[33], and Y doping and LiYO2 coating [34]. In addition, other
methods are also used in enhancing the electrochemical per-
formance of Ni-rich cathode materials, like core-shell struc-
ture [35], gradient structure [36], porous structure [37], and
electrode additive [38].

Spinal Li4Ti5O12, a zero-strain material, has been wide-
ly applied as the coating material to improve the perfor-
mance of electrode material due to its electrochemical in-
ertness and the excellent structural stability. Xu et al. re-
ported that Li4Ti5O12 coating layer significantly improved
the cycle stability of LiNi0.8Co0.1Mn0.1O2 cathode at high
cutoff voltage [39]. Zhao et al. used a solvothermal method
to coat Li4Ti5O12 on the surface of LiNi0.5Mn1.5O4

material. This coated materials exhibited enhanced inter-
face stability [40]. Li2MgTi3O8 (LMTO) possesses the
same structure and chemical stability as Li4Ti5O12, but
the chemical d i f fus ion coef f ic ient of Li - ion in
Li2MgTi3O8 is larger than that in Li4Ti5O12 due to the
doping of Mg [41]. To our knowledge, Li2MgTi3O8 has
not been used as a coating material to improve the electro-
chemical performance of Ni-rich materials.

In this work, we introduced simultaneous Li2MgTi3O8 sur-
face coating and Ti/Mg dual surface doping using a wet coat-
ing method to improve the electrochemical performance of
LiNi0.6Co0.2Mn0.2O2. The investigation in terms of morphol-
ogy characteristic and electrochemical tests was carried out.
The results indicate that Li2MgTi3O8 coating layer could in-
hibit the side reaction of the battery, and Ti/Mg dual surface
doping could strengthen the structure stability and promote
the diffusion of Li+.

Experimental

Materials

Commercial LiNi0.6Co0.2Mn0.2O2 (NCM622) was used as the
cathode material as received. C4H6O4Mg·4H2O (99%) and
C2H3O2Li·2H2O (99%) were provided by Aladdin.
Ti(OCH(CH3)2)4 (99%) was supplied by Acros Organics.
The electrolyte contains 1.0 mol L−1 LiPF6 in a mixture solu-
tion of dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), and ethylene carbonate (EC) (1:1:1 in volume) which
was purchased from Zhangjiagang Guotai Huarong Co.,
China.

Synthesis of the Li2MgTi3O8-coated
LiNi0.6Co0.2Mn0.2O2

To prepare the samples with Li2MgTi3O8 (LMTO) coating
layer, a stoichiometric ratio of starting materials, including
C4H6O4Mg·4H2O, C2H3O2Li·2H2O, and Ti(OCH(CH3)2)4,
was dissolved in 30 mL anhydrous ethanol and stirred for
30 min at 25 °C. The NCM622 powder was added into the
solution and stirred overnight. Then, the above solution was
stirred at 80 °C in the water bath until the ethanol was fully
evaporated. Finally, the resulting sample was dried at 80 °C
for 12 h and subsequently sintered at 750 °C for 8 h in air. The
amounts of LMTOwere set to 0.5, 1.0, and 3.0 wt% relative to
the NCM622 powders, which is denoted as L0.5-NCM, L1.0-
NCM, and L3.0-NCM, respectively. The resultant materials
were collected after cooling down to room temperature. The
schematic illustration of the synthesis process is showed in
Fig. 1.
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Material characterizations

The crystalline structures of the pristine and LMTO-coated
NCM622 powders were identified by X-ray diffraction
(PANalytical X’Pert PRO) with a scanning speed of
1.17° min−1 with Cu Kα radiation operated at 40 kV and
40 mA (λ = 1.5418 Å). The Rietveld method was used to
refine the lattice parameters (GSAS Rietveld program). Field
emission scanning electron microscopy (FESEM, JSM-
7800F) with energy dispersive spectroscope (EDS) mapping
was conducted to study the surface particle morphology and
element distributions. Transmission electron microscopy
(TEM, JEM-2100) was used to characterize the micro-
morphologies of the samples. The surface chemical valence
states and element contents of the materials were identified by
X-ray photoelectron spectroscopy (XPS, ESCALAB 250xi).

Electrochemical tests

The cathode electrode composites were prepared by mixing
the as-synthesized cathode materials, acetylene black (AB),
and polyvinylidene fluoride (PVDF) binder with the weight
ratio of 8:1:1. Then, the mixture was grinded to prepare the
homogeneous slurry in N-methyl pyrrolidone (NMP) and
casted onto aluminum foil using a doctor blade. The obtained
electrodes were dried at 75 °C for 8 h in a vacuum oven.
Electrochemical measurements were performed by 2016 type
coin cells, which were assembled in argon-fill glove. The lith-
ium foil was used as the anode, 1 M LiPF6 in a mixed solvent
of DMC, EMC, and EC (1:1:1, v/v) was used as electrolyte,
and the separator was Celgard 2500. The galvanostatic charge/
discharge measurements were performed at room temperature
in a potential range of 2.6–4.3 V using a battery test instru-
ment (LAND CT-2001A, China) at different rates (1C =
277 mAh g−1 based on the mass of active materials). Cyclic
voltammetry (CV) was measured on the PARSTATMC elec-
trochemical workstation in the potential range of 2.6 to 4.3 V

at a scan rate of 0.1 mV s−1. Electrochemical impedance spec-
troscopy (EIS) was recorded on the PARSTAT 1000measure-
ment systemwith amplitude of 5 mV in the frequency range of
100 kHz to 0.01 Hz.

Results and discussion

The morphologies of NCM622, L0.5-NCM, L1.0-NCM, and
L3.0-NCM powders at different magnifications were ob-
served and recorded using SEM as shown in Fig. 2 and Fig.
S1. All the samples present spherical morphology with the
sizes of around 10 μm in Fig. 2a, b and c. The spherical
materials are consisted of plenty of primary particles in the
size of 200–300 nm, indicating that the morphology of
LMTO-coated cathode materials is almost unchanged.
However, the coated samples (Fig. 2e and f) show rough sur-
face, and the boundary between the primary crystals becomes
unclear in comparison with the uncoated NCM622 (Fig. 2d),
which is owing to the existence of the coating layers. The EDS
mapping was used to investigate the uniformity of the coating
layer and the element distribution of Ni, Co, Mn, Ti, and Mg
for L0.5-NCM as shown in Fig. 2g–k. It displays that Ti and
Mg are uniformly distributed, illustrating that the LMTO layer
is successfully and uniformly coated on the surface of cathode
materials. The TEM images of the L0.5-NCM as shown in
Fig. 3a and b exhibit that the coating layer is in thickness of
about 4 nm on the surface of L-0.5NCM particles. The mag-
nified image in Fig. 3b clearly shows a lattice spacing of
0.245 nm which represented the (101) planes of NCM622.
Moreover, new planes with lattice space of 0.223 and
0.241 nm are observed on the surface of L0.5-NCM, which
are related to the (123) and (222) planes of Li2MgTi3O8

(JCPDS No. 89-1308). Thus, it can be concluded that the
NCM622 particles are uniformly coated with a thin layer of
LMTO.

Fig. 1 The schematic illustration shows the process of the LMTO coating layer on the NCM622 particle surface
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Figure 4 shows X-ray powder diffraction (XRD) pat-
terns of the pristine and LMTO-coated NCM622. As
shown in Fig. 4a, all samples present similar diffraction
patterns, which is a typical hexagonal α-NaFeO2 structure
with the space group R3m without any impurities. The
peak splitting of the (006)/(102) and (018)/(110) pairs
can be clearly observed in Fig. S2 (a and b), indicating
that all the samples possess a well-ordered layered struc-
ture. The values for I003/I104 and c/a are important factors
to reflect the degree of structural orderliness in the layered

materials. As displayed in Table 1, the I003/I104 and c/a
values are larger than 1.2 and 4.9, respectively, suggesting
that all samples exhibit a lower degree of Li+/Ni2+ mixing
and well-ordered layer structure [42, 43]. The magnified
(003) and (104) peaks (Fig. 4b and c) of the LMTO-
coated samples shift to a lower angle compared with the
NCM622, indicating that the structure has been changed.
This phenomenon is possibly caused by the migration of
the Mg2+ and Ti4+ from the coating layer to the surface
structure of NCM622 materials via solid-state diffusion

Fig. 2 The SEM images of NCM622 (a, d), 0.5%-NCM (b, e), and 1%-NCM (c, f); the elemental mapping of L0.5-NCM for Ni (g), Co (h), Mn (i), Ti
(j), and Mg (k)

Fig. 3 TEM images of L0.5-
NCM (a, b)
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during the sintering process. Rietveld refinements (GSAS)
were used to identify the crystal constant difference of the
samples presented in Fig. 4d and e and Fig. S2 (c and d),
and the calculation results are shown in Table 1. The
lattice parameters of c and unit volume for the LMTO-
coated materials are increased compared with the pristine
NCM622. This is due to the charge compensation for Ti4+

doping in sintering process, in which Ni3+ ions can be
reduced to Ni2+ [44]. The ionic radius of Ni2+ ion is
0.069 nm, which is larger than Ni3+ ion of 0.060 nm.
The increased amount of the larger Ni2+ ions can enlarge
the lattice parameters that ultimately accelerates the Li+

insertion/extraction into/from the lattice of NCM622 [32,
39, 45]. The ionic radius of Ti4+ ion is 0.0605 nm, which
is similar as 0.060 nm for Ni3+ ion. The ionic radius for
Mg2+ and Li+ is 0.072 nm and 0.076 nm, respectively.
Thus, it is very likely that Ti4+ ions can occupy in the
transition metal layer and Mg2+ ions occupy in the Li
layer [39, 46, 47]. The occupation of Mg2+ ions in the
Li layer could inhibit the migration of Ni2+ to Li layer,
thus reducing the ion mixing [47, 48]. This result is sup-
ported by the smaller I003/I104 value of NCM622 (1.597)
in comparison with L0.5-NCM (1.734), L1.0-NCM
(1.697), and L3.0-NCM (1.607) in Table 1. In addition,
the doping of Mg2+ ions could stabilize the structural

stability of the layered NCM622 through the pillar effect,
which enhances the cycle performance of the cathode ma-
terials [49].

XPS was used to further investigate the chemical states of
Ni, Co, Mn, Ti, and Mg ions on the surface of the prepared
samples. Figure 5a shows Ni 2p3/2 spectrum and the fitted
results (XPSPEAK software) of the pristine and the LMTO-
coated samples. The Ni 2p3/2 peak for pristine NCM622 lo-
cates at 855.40 eV, and its two sets of peaks locate at
854.50 eV and 855.80 eV, corresponding to the binding ener-
gies of Ni2+ and Ni3+. As can be seen, the Ni 2p3/2 peak for
LMTO-coated samples gradually shifts to lower binding en-
ergy at 855.24, 855.09, and 854.06 eV for L0.5-NCM, L1.0-
NCM, and L3.0-NCM with the increased amount of coating
materials.Moreover, the peak area is associatedwith the quan-
tity of various Ni2+/Ni3+oxidation states [11]. The fitted re-
sults show that the contents of Ni2+ increase from 23.40 to
30.49%, 38.9%, and 37.05% for NCM622, L0.5-NCM, L1.0-
NCM, and L3.0-NCM. These results are consistent with the
XRD tests that Ni3+ ions are reduced to Ni2+ due to the doping
of Ti4+ [44]. The increase of Ni2+ concentration could improve
the structural stability of cathode materials [50]. Figure 5b
shows that Ti 2p has two peaks at 458.20 eV and 464.0 eV
for LMTO-coated NCM622 material, corresponding to Ti
2p3/2 and Ti 2p1/2, respectively. Both peaks indicate that the

Fig. 4 aXRD patterns of the related samples; b, c the magnification peaks of (003) and (104); d, e the XRD Rietveld refinement of NCM622 and L0.5-
NCM

Table 1 Structural parameters
obtained from Rietveld
refinement of XRD pattern of the
related samples

a (Å) c (Å) c/a Unit volume (Å3) Rwp (%) I(003)/
(104)

NCM622 2.87251 14.21622 4.94904 101.588 1.72 1.579

L0.5-NCM 2.87248 14.22419 4.95264 101.642 1.39 1.734

L1.0-NCM 2.87325 14.21967 4.94898 101.664 1.79 1.697

L3.0-NCM 2.87449 14.22882 4.95002 101.817 1.70 1.670
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Ti ions are mainly in an oxidation state with valence state of +
4. Figure 5c displays the Mg 1s peak. The binding energy of
Mg 1s is around 1303.3 eV, and the increased intensity of Mg
1s means the increased contents of Mg ions. The main peaks
of 2p3/2 and 2p1/2 for Co and Mn are observed at 780.20 and
795.10, 642.30, and 654.03 eV as shown in Fig. S3 (a and b),
indicating that the Co ions and Mn ions are mainly in an
oxidation state with valence state of + 3 and + 4.

To study the influence of LMTO coating on the electro-
chemical properties of NCM622materials, the related samples
were tested by galvanostatic charge/discharge measurements
in the voltage range of 2.6–4.3 V (vs. Li/Li+). Figure 6a dis-
plays the first charge/discharge curves of both the pristine and
the coated NCM622 materials at 0.1C (1C = 277 mAh g−1).
The profiles obtained with the coated samples are consistent
with the uncoated NCM622. There is no other phase that can
be observed, indicating that the LMTO is electrochemically
inactive in the working voltage range. The first discharge ca-
pacities of NCM622, L0.5-NCM, L1.0-NCM, and L3.0-NCM
are recorded as 174.0, 175.1, 172.6, and 162.1 mAh g−1, re-
spectively. It can be seen that the L0.5-NCM shows higher
discharge capacity than the NCM622, which is mainly due to
the LMTO coating layer that significantly decreases the polar-
ization and suppresses the side reactions between the cathode
surface and the electrolyte [51, 52]. However, the L1.0-NCM
and L3.0-NCM show a slight lower discharge capacity than
the NCM622, possibly due to the increase mass amount of
electrochemically inactive LMTO on cathode materials.

Figure 6b compares the rate capabilities of the pristine and
the coated NCM622materials at various current rates from 0.1
C to 10 C and then back to 1 C. The L0.5-NCM shows better
rate properties than the NCM622 and other LMTO-coated
samples. The specific capacities for L0.5-NCM are obtained
as 175.4, 168.4, 158.5, 147.7, 128.3, and 109.5 mAh g−1 at
0.1, 0.5, 1.0, 2.0, 5.0, and 10.0 C, respectively. The NCM622
exhibits 172.3, 163.1, 153.7, 141.2, 120.0, and 95.2 mAh g−1

at the same conditions as that for L0.5-NCM. The capacity

retention of L0.5-NCM at 10 C remains about 62% of the
capacity at 0.1 C, which is larger than 55% obtained with
the NCM622. Figure S4 shows the charge/discharge curves
of the pristine NCM622 and L0.5-NCM as well as the corre-
sponding dQ/dV plots at different rates. It can be observed that
the overpotential increases with the rise of the discharge cur-
rent and the dQ/dV minima gradually shift to lower voltage.
The voltage difference of the NCM622 is 0.221V between 0.1
C and 10 C, which is larger than 0.143 V obtained with the
L0.5-NCM. The significant enhanced rate performance origi-
nates from the expansion of lattice parameters caused by dop-
ing of Ti and Mg, which have been proved by XRD tests [53].

The cycle performance test was utilized to further study the
effect of coating layers on NCM cathode materials. All the
samples were cycled galvano-statically at 1 C for 200 cycles
after pre-activation at 0.1 C for the first cycle. As can be seen
from Fig. 6c, the L0.5-NCM exhibits the initial capacity of
163.8 mAh g−1 at 1 C which is larger than 161.7, 156.1, and
144.6 mAh g−1 for NCM622, L1.0-NCM, and L3.0-NCM,
respectively. After 200 cycles, L0.5-NCM also displays the
best cycling performance with a capacity retention of 76.8%,
while the NCM622, L1.0-NCM, and L3.0-NCM retained of
their initial discharge capacities about 52.0%, 70.4%, and
68.5%, respectively. These results indicate that LMTO coat-
ing could effectively improve the electrochemical perfor-
mance of NCM622 materials. Conclusively, LMTO coating
layer can reduce the contact and resistance between the elec-
trolyte and the electrode and improve the reversibility of the
Li-ion insertion/deintercalation reaction of the coated cathode.

To further investigate the enhanced electrochemical perfor-
mance of LMTO-coated NCM, the charge/discharge profiles
for the NCM622 and L0.5-NCM at 1st, 50th, 100th, 150th,
and 200th cycles have been analyzed and depicted in Fig. 7a
and c, and the corresponding dQ/dV curves are shown in Fig.
7b and d. The gaps between the charge/discharge plateaus and
the difference in oxidation peak are caused by the structure
change from layered phase to rock-salt phase during charge/

Fig. 5 XPS spectrum of Ni (a), Ti (b), and Mg (c)
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discharge process The L0.5-NCM shows a narrow gap and a
small oxidation peak difference (0.017 V) between 1st and
200th in comparison with the pristine NCM622 (0.134 V),
indicating that LMTO coating layer could reduce the polari-
zation and voltage fading in the long-term cycling test [52].
Thus, the specific capacity and cyclic stability of LMTO-
coated samples could be improved.

CV plots of the NCM622 and L0.5-NCM between 2.6 and
4.3 V at a scan rate of 0.1 mV s−1 are shown in Fig. 8a and b.
The curves exhibit similar shapes with a couple of redox peaks
appeared in the scanning voltage range which corresponded to
the oxidation and reduction of Ni2+/Ni3+and Ni4+ [54]. The
initial anodic and cathodic peaks of the NCM622 are 3.915 V
and 3.703 V with a potential difference (ΔEp) of 0.212 V in
Fig. 8a. However, the peaks of the L0.5-NCM are 3.838 V and
3.713 V with a small ΔEp of 0.125 V in Fig. 8b, which
demonstrated the lower polarization effect during the electro-
chemical reaction process for the L0.5-NCM. The reduced
polarization of L0.5-NCM can be attributed to the improved
reaction kinetics and minimized charge transfer resistance

during continuous charge/discharge process. It is resulted
from the uniform coating layer of LMTO and Ti/Mg dual-
ion doping, which facilitates the Li+ transport and stabilizes
the structure stability of cathode materials. It also demon-
strates the better cycling and rate performance of the L0.5-
NCM.

To further clarify the structural integrity of the samples,
XRD patterns and electrode morphology after 100 cycles
are analyzed in Fig. 9. As can be seen in Fig. 9a and b, it is
distinctly observed that the secondary particles of the
NCM622 break to small pieces after cycles, while the
L0.5-NCM electrode shows intact morphology without
any crack in Fig. 9c and d. Figure 9e shows the XRD
patterns of the NCM622 and L0.5-NCM after 100 cycles.
The I(003)/I(104) ratio of the NCM622 (1.26) is much lower
than that of L0.5-NCM (1.63), which confirms that the
LMTO modification could maintain the layer structure of
the cathode materials. The SEM and XRD results after
cycles are consistent with the analysis of electrochemical
performance test that LMTO coating and Ti/Mg dual

Fig. 6 Initial charge/discharge voltage profiles at 0.1C (a), rate performance of related samples (b); cycle performance of related samples at 1.0C (c)
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doping can stabilize the surface structure and suppress the
surface reconstruction of NCM622 cathode materials [39].

The EIS measurements are used to investigate the
deep reasons of improved electrochemical performance
of the LMTO-coated NCM622 material. The EIS tests
were carried out for the NCM622 and L0.5-NCM in
charge state (4.3 V) after the 1st and 100th cycles at

1.0 C. As can be seen in Fig. 10a and b, two depressed
semicircles and a slope line are observed in the Nyquist
plots for all electrodes. The semicircle located in high-
frequency region was assigned to surface film resistance
(Rsf), which was related to the migration of Li-ion
through the surface film. The semicircle located in
middle-frequency region was assigned to charge transfer

Fig. 7 The specific capacity vs. voltage curves of NCM622 (a) and 0.5%-NCM (b). The dQ/dV curves of NCM622 (c) and 0.5%-NCM (d) cycled at 1C

Fig. 8 Cyclic voltammetry profiles of NCM622 (a) and L0.5-NCM (b) at the voltage range of 2.6–4.3 V and the scan rate of 0.1 mV s−1
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Fig. 10 EIS spectra of NCM622 and L0.5-NCM at the 1st cycle (a) and
100th cycle (b) at charge state, and the inside graphics is the equivalent
circuit model. Linear fitting graph of Z′-ω−1/2 after 1st and 100th (c).

Schematic view of stronger structure stability and reduced side reaction
of LMTO-coated NCM (d)

Fig. 9 The electrode morphology of NCM622 (a) and L0.5-NCM (c) after 100 cycles. The cross-sectional morphology of NCM622 (b) and L0.5-NCM
(d) after 100 cycles. The XRD patterns of NCM622 and L0.5-NCM after 100 cycles
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impedance at the electrolyte/electrode interface (Rct). The
slope line at the low-frequency region was related to Li+

diffusion process in the electrode bulk material (Warburg
impedance, Wo) [55]. The Z-view software was used to
simulate the experimental data and the results are listed
in Table 2. The results show that there is no significant
difference of Rsf and Rct between the NCM622 and L0.5-
NCM at the first cycle. However, Rct values of the
NCM622 and L0.5-NCM increase from 11.08 Ω and
8.523 Ω to 333.9 Ω and 28.1 Ω after 100 cycles, respec-
tively. The increase of Rct value of L0.5-NCM is signif-
icantly depressed, which is attributed to the surface ion
doping and thin film coating. It improves the structure
stability and decreases the reaction kinetics resistance.
These results are defined well in agreement with the
improvement of electrochemical performance. The fol-
lowing equation was used to calculate the lithium-ion
diffusion coefficients (DLi) of pristine and coated mate-
rials [11, 56–58]:

DLi ¼ 0:5 RT=An2F2Cσð Þ2 ð1Þ

The value of R, T, and F represents the gas constant
(8.314 J K−1 mol), absolute temperature (298.15 K), and
Faraday constant (96,485.3383), respectively; A represents
the surface area of the electrode (0.785 cm2); n is the react
number of electrons (n = 1); C is the concentration of Li+ in
cathode material (0.001 mol cm−3 in this work) [11, 56]; σ
represents the Warburg factor which is the slope of Z′-ω−1/2

(Fig. 10c) and can be calculated by the following equation:

Z
0 ¼ RS þ Rct þ σω−1=2 ð2Þ

where Z′ and ω are real parts for impedance and angular fre-
quency, respectively. The calculated values of Li+ ion diffu-
sion coefficient (DLi) are shown in Table 2. It shows that DLi

DLiþ of the L0.5-NCM is 4.90 × 10−10 cm2 s−1 and 2.59 ×
10−10 cm2 s−1 in the first cycle and 100 cycles, which are
higher than the NCM622 of 4.63 × 10−10 cm2 s−1 and 3.51 ×
10−11 cm2 s−1 in the same condition. The results indicate that
the NCM622 with LMTO coating layer and Ti/Mg ion dual
doping could promote the Li+ diffusion, resulting in improved
rate capability.

Conclusions

In summary, a series of Li2MgTi3O8-coated LiNi0.6Co0.2Mn0.2O2

cathode materials were fabricated by wet coating process. All the
coated samples showed a pure hexagonal α-NaFeO2 phase with
no significant impurity peak. The TEM, XPS, and XRD analysis
showed that the NCM622 particles were successfully coated with
thin LMTO layer and doped with Ti4+ and Mg2+. The 0.5 wt%
LMTO-coated NCM622 exhibited 76.8% of the capacity reten-
tion after 200 cycles, whereas pristine NCM622 showed a lower
capacity retention ratio of 52%. This great improvement was
mainly attributed to the LMTO coating layer and Ti/Mg dual
doping, which not only helped in physically insulation between
the cathode and the electrolyte but also improved the ionic trans-
port kinetics and structure stability of NCM622 cathode.
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