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a b s t r a c t

LaNiO3 thin film coated Li-rich cathode Li1.2Mn0.54Ni0.13Co0.13O2 material is fabricated for the first time
using the facile sol-gel process. Morphology, structure and battery cycle performance of the LaNiO3-
coated Li1.2Mn0.54Ni0.13Co0.13O2 is characterized by a series of tests. LaNiO3 coating was synthesized by
the sol-gel process and uniformly covered powder surface. By coating proper amount of LaNiO3, the
initial Coulombic efficiency, discharge capacity, rate capability and cycle performance are significantly
improved, while the charge transfer resistance reduces. The initial Coulombic efficiency of 3wt% LaNiO3-
coating samples reaches the maximum of 70% and 65% at 0.1 C and 1 C rates, respectively. The 3wt%
LaNiO3-coating electrode has the highest initial charge/discharge capacity of 405.4/285.1mAh g�1 at
0.1 C rate (1 C¼ 250mA g�1), while 5wt% LaNiO3-coating delivers the maximum value of 264.1/
165.1mAh g�1 at 1 C. The cycling performance profiles demonstrate that at 1 C rate, the 3wt% LaNiO3-
coated electrode exhibits higher discharge specific capacity of 207.6mAh g�1 and cyclic stability of
190.3mAh g�1 92% capacity retention after 50 cycles compared with pristine and other content LaNiO3.
The film resistance and charge transfer resistance both decrease after coating with LaNiO3. LaNiO3 is an
efficient modifier to enhance electrochemical performance of Li-rich cathode materials.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

More andmore lithium-ion batteries (LIBs) are used in electrical
devices, especially in hybrid electric vehicles (HEV) and electric
vehicles (EV) [1,2]. However, conventional cathode materials, such
as layered LiCoO2 [3], spinel LiMnO4 [4] and olivine LiFeO4 [5]
cannot meet the requirements of high energy density due to
limited specific capacity.

In recent years, Li-rich layered cathode materials, Li1.2Mn0.54-
Ni0.13Co0.13O2 (LMNC), have drawn considerable attention due to
certain advantages, such as high discharge capacity (>250mAh
g�1), high operation voltage (4.6e4.8 V Li/Liþ), lower cost, low
toxicity and high safety, which shows great potential for applica-
tions in EVs and HEVs [6e9]. LMNCs consist of solid solution of
Li2MnO3 and LiMO2 (M¼Ni, Co, Mn or their combination).

Due to large irreversible capacity loss [10e12], poor rate
capacity [7,12,13], severe cyclic capacity fading [10,14,15], Li-rich
cathode materials are not commercially available. Enormous
research efforts have been undertaken to eliminate disadvantages
of Li-rich cathodes, including structure and morphology optimi-
zation [16,17], mild acidic treatment [18e20], cationic substitution
[20e23] and composite cathodes.

Among these approaches, surface coatings modification has
been proved as an effective method to solve the problems of low
cycling stability and poor rate capability. Various surface coatings,
including carbon, metal oxides (Al2O3, CaO, TiO2, La2O3, MgO, ZrO2,
ZnO, MnO2), metal fluorides (AlF3, CeF3), and metal phosphates
(AlPO4, FePO4) have been applied to generate a barrier between
electrolyte and electrode, enhancing electrochemical properties
and prolonging life cycle [24e29]. Nevertheless, some of the coat-
ings lead to variations in electrical conductivity and reduced ca-
pacity due to week activity and high resistance.

Perovskite (ABO3) type complex oxides, such as lithium
lanthanum titanate (LLTO) Li3x La(2/3)�x , (1/3)�2x TiO3, are the best
crystalline inorganic Li ion-conducting solid electrolyte materials.
LLTO shows high Li ion conduction up to 10�3 S/cm

mailto:haojunjie@ustb.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2018.07.057&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2018.07.057
https://doi.org/10.1016/j.electacta.2018.07.057
https://doi.org/10.1016/j.electacta.2018.07.057


X. Zhang et al. / Electrochimica Acta 283 (2018) 1203e12121204
(Ea¼ 0.3e0.4 eV) at room temperature for x¼ 0.11 [30].
Lanthanum nickel oxide LaNiO3 (LNO) with pseudo-cubic per-

oskite structure (a¼ 3.84 Å) is widely used in many applications,
including dielectric material electrodes, solid electrolytes [31e33],
sensors and solid resistors. Compared with metal oxides surface
coating, LaNiO3 has higher Li ion conduction, high activity and
lower resistivity (225 mU cm) [34,35]. At the same time, LaNiO3 has
better thermal and chemical stability. LaNiO3 (R-3c space group)
and LMNC (R-3m space group) have the NieO bonds, which pro-
mote even stronger combination between them. Due to all these
advantages, LaNiO3 is a promising coating material to effectively
modify LMNC to enhance rate capability and cycling performance.
However, as far as we know, surface coatings modification with
LaNiO3 has not been reported yet to treat Li-rich layered cathode
materials.

In present experiment, LaNiO3 thin film coated Li-rich cathode
material, Li1.2Mn0.54Ni0.13Co0.13O2, was prepared successfully via
the sol-gel method for the first time. The structure andmorphology
are discussed in detail. Various experiments and characterization
indicated that the LaNiO3 surface coating can obviously improve
the rate capability and the cyclic performance of LMNC cathode
material used for LIBs.
2. Experimental details

2.1. Samples preparation

First, homogeneous and transparent solution was mixed by
dissolving 1mol MSO4 in 0.5 L deionized water. MSO4 consisted of
NiSO4, CoSO4, MnSO4 in cationic ratio of Ni:Co:Mn¼ 0.13:0.13:0.54.
The solution with a concentration of 1molL-1 was injected into 1 L
volumetric flasks and deionized water was added to raise the liquid
level to the 1 L gradation line. At the same time, 1molL-1 NaCO3
solution was adjusted to pH of 8 using ammonia, which was also
added as chelating agent. Two solutions were carefully dropped
into a continuous stirring reactor at 60 �C. After washing by alcohol,
vacuum filtration and vacuum drying, the co-precipitation car-
bonate precursor (Mn0.54Ni0.13Co0.13)CO3 wasmilled (5%mole ratio)
with an excess amount of lithium carbonate for 6 h by the planetary
mill in alcohol. After alcohol completely evaporated, the mixture
was calcined at 550 �C for 5 h and 850 �C for 10 hwith a heating rate
of 5 �C/min in air. Thus, pristine layered Li1.2Mn0.54Ni0.13Co0.13O2

powder was finally obtained by carbonate co-precipitation through
the above steps.

The second step was to prepare the LaNiO3-coating on the
Li1.2Mn0.54Ni0.13Co0.13O2 cathode material. The same molar ratio of
La(NO3)3$6H2O and Ni(NO3)2$6H2O was blended with a proper
amount of citric acid and ethylene glycol accompanied by constant
stirring to obtain green solution. The solution was mixed with
Li1.2Mn0.54Ni0.13Co0.13O2 at 80 �C and stirred until the formation of
stable black sol. The sol was placed into 100 �C incubator to prepare
gel. In the end, black powder was obtained by heating the gel to
850 �C for 30min, which was Li1.2Mn0.54Ni0.13Co0.13O2 coated with
LaNiO3.
Fig. 1. XRD patterns of pristine and LaNiO3-coated LMNC with different LaNiO3

content.
2.2. Characterization

The phase composition and distribution of elements of the
powders were analyzed by X-ray diffraction analysis (XRD, TTRIII)
and electron diffraction spectroscopy (EDS), respectively. The
microstructure andmorphology of the particles were observed by a
field emission scanning electron microscope (FESEM, LEO 1450)
and high-resolution transmission electron microscopy (HRSTEM
Tecnai G2 F30 S-TWIN).
2.3. Electrochemical measurements

LaNiO3-coated Li1.2Mn0.54Ni0.13Co0.13O2 as cathode active sub-
stance, acetylene black as conductive agents and polyvinylidene
fluoride (PVDF) as binder (at a mass ratio of 8:1:1) were dispersed
to N-methyl-2-pyrrolidone (NMP) solvent preparing black slurry
with good flow properties. The slurry was coated on clean
aluminum foil by blade tape casting with 0.04mm gap. The tapes
were cut into awafer with 1.4 cm diameter after drying at 120 �C for
12 h.

The CR2032 type coin cells were assembled in Ar-filled glove
box. The coin cells consisted of cathode, separator, electrolyte and
counter electrode, which was made of as-prepared LaNiO3-coated
Li1.2Mn0.54Ni0.13Co0.13O2, Cellgard 2400 polypropylene film, 1 molL-
1 LiPF6 dissolved in ethylene carbonate (EC)/ethyl methyl carbonate
(EMC)/dimethyl carbonate(DEC) (1:1:1 ratio by volume) and
lithium metal, respectively. The DC charge discharge tests were
performed using a battery test system (Land CT2001A, Wuhan
Jinnuo Electronic Co. Ltd) between 2 V and 4.8 V (vs. Liþ/Li) at room
temperature. Electrochemical impedance spectroscopy (EIS) ex-
periments were carried out to investigate the impedance change of
the samples prepared with pristine and LaNiO3-coated LMNC using
the CHI600E electrochemical workstation.
3. Results and discussion

3.1. Materials characterization

Fig. 1 shows XRD patterns of pristine powder and LaNiO3-coated
samples of Li1.2Mn0.54Ni0.13Co0.13O2. Most of the diffraction re-
flections can be indexed to the a-Na-FeO2 structure based on the
trigonal R-3m structure [36], except for the weak peaks between
20� and 25�, which are indexed based on the monoclinic (C2/m)
structure (super lattice of Li2MnO3) [36e38].

The peaks intensity of LaNiO3 was increasing with LaNiO3 (x,
mass percentage) additive content, while the intensity of the XRD
pattern peaks decreased for the top two peaks (003) and (104),
shown in Table 1. The XRD pattern indicates that LaNiO3 and
Li1.2Mn0.54Ni0.13Co0.13O2 powder reacted and successfully formed a
compound, which could not be washed. It is believed that the
LaNiO3 coating has little effect on the host structure of LMNC par-
ticles, especially when x¼ 1% and 2%.When the LaNiO3 contentwas
increased to 5%, secondary LaNiO3 phase could be clearly identified.



Table 1
Structure parameters for Li1.2Ni0.13Co0.13Mn0.54O2 from XRD patterns.

LaNiO3 wt.% I (003) I (104) I(003)/I(104) a, Å c, Å c/a Volume Å3 R¼(I (102) þ I (006))/I (101)

0 441 318 1.39 2.848 14.22 4.993 99.88 0.343
1 399 291 1.37 2.849 14.226 4.993 100.11 0.301
3 366 280 1.31 2.847 14.2 4.988 99.68 0.306
5 351 270 1.3 2.846 14.215 4.995 99.71 0.312
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The splitting of the (006)/(102) and (108)/(110) peaks was observed
in all samples. This indicates that the treated samples still have
highly ordered layered hexagonal structure [13,39].

As shown in Table 1, the lattice parameter (a, c), the trigonal
distortion (c/a) and the cell volume have no obvious changes, in
good agreement with the literature [40e42]. The intensity ratio of
(003) and (104) planes (I(003)/I(104)), which was calculated as
1.3e1.39 (>1.2) response, corresponding to different content of
LaNiO3. The R-factor ((I (102) þI (006))/I (101)) for all samples is
calculated to be in the 0.301e0.343 range. Both I(003)/I(104) and
the R-factor confirm that the active substance material has a
layered structure with hexagonal ordering (O3 type) [36,37,39e42].
3.2. Morphology and structure of pristine and LaNiO3-coated
Li1.2Mn0.54Ni0.13Co0.13O2

SEM characterization was carried out to observe the surface
morphology of Li1.2Mn0.54Ni0.13Co0.13O2 and LaNiO3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 samples. As shown in Fig. 2, the pristine
LMNC powders are nearly spherical or oval with an average
diameter of 10 mm and rough surface morphology. Higher magni-
fication shows that the spherical particles are composed of a great
amount of primary particles with 200e300 nm size and smooth
surface. This morphology is beneficial for improving the filling ca-
pacity of active material and the contact area to the electrolyte,
which greatly affects the cell performance. There was no obvious
difference in morphology between LMNC and LaNiO3-coated LMNC
samples for the relatively low coating amount of LaNiO3. It is
believable that the LaNiO3 layer is thin on the Li1.2Mn0.54Ni0.13-
Co0.13O2 surface, which was further confirmed by TEM.
Fig. 2. SEM images of LMNC treated with La
EDS was conducted to identify elements of LaNiO3 coating layer
on the surface of 3wt% LaNiO3-coated Li1.2Mn0.54Ni0.13Co0.13O2, as
shown in Fig. 3. For eachmaterial, the result of only one of the three
treated powders is shown, since the differences within each kind
are rather small (see Fig. 2). Fig. 3(a), and (b) present the cross-
section of several hollow spherical particles after agglomeration
by primary particles. It also proves that the near-spherical
Li1.2Mn0.54Ni0.13Co0.13O2 particle has a core-shell structure with
the 1.5e3 mm wall thickness. As shown in Fig. 3(a) and (b), the
brighter places were proven to be a series of LaNiO3 accumulation
areas on the particle surface because La has larger atomic number,
which presents higher brightness in electron back scattered
diffraction (EBSD) image. In Fig. 3(c) and (d), the amount of Mn, Ni,
Co decreases along the outward radial direction of particle diam-
eter, and the La content increases where there is no brighter La
accumulation area. In addition, Fig. 3(e) shows elements identifi-
cation of Mn, Ni, Co and La in the red frame region in Fig. 3(b). Thus,
the LaNiO3 layer is evenly distributed on the surface of agglomer-
ation particles.

Fig. 4 shows surface morphology and microstructure of pristine
and LaNiO3-coated Li1.2Ni0.13Co0.13Mn0.54O2 particle observed by
HR-TEM. The primary particles have smooth surface and edge, as
seen in Fig. 4(a, d). Comparing Fig. 4(b) and (e), we have proven the
homogeneity of LaNiO3-coating surrounding the primary particles.
A thin filmwith 2e3 mm thickness has formed on the surface of the
particle in Fig. 4(e). That is why there is no obvious difference in
particle size and morphology of the surface modification with
LaNiO3. Fig. 4(f) shows LaNiO3 accumulation area on the
Li1.2Ni0.13Co0.13Mn0.54O2 particle with non-uniform thickness,
which was coincident with the brighter spot in the EDS image. In
NiO3: (a) pristine, (b) 1%, (c) 3%, (d) 5%.



Fig. 3. FESEM images and EDS of the 3wt% LaNiO3-coated LMNC particle cross-section: (a) and (b) BSED, (c) and (d) EDS line scans of elements, (e) EDS of elements identification.
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addition, it also confirmed good adhesion between the LaNiO3-
coating layer and the core material where there is no clear
interface.

It is clearly noted that the crystal plane spacing of 0.477 nm
corresponds to the (003) crystal plane of the layered R3-m phase of
Li1.2Ni0.13Co0.13Mn0.54O2 from the HR-TEM images and the fast
Fourier transform pattern images in Fig. 4(c, f). There is no obvious
change in structure of the Li1.2Ni0.13Co0.13Mn0.54O2 phase after
coating. The HR-TEM revealed the formation of the coating layer,
which agrees with the above XRD results. The LaNiO3 coating layers
can protect active materials from direct contact with the electrolyte
and thus can suppress the occurrence of side reactions. In addition,
the LaNiO3 layer would facilitate the transport of Li ions across the
surface compared to other coating layers.

3.3. Electrochemical performance

The electrochemical properties of the samples were measured
by using assembled coin-type cells. Fig. 5 shows the first charge-
discharge profile of the pristine and LaNiO3-coated Li1.2Mn0.54-
Ni0.13Co0.13O2 electrodes at a constant current density of 0.1 C and
1 C (1 C¼ 250mA g�1) between 2 V and 4.8 V. As seen from Fig. 5,
the initial charge/discharge profiles are in agreement with other
reported Li-enriched cathodes [27,38,43]. Similarly, all the samples
exhibit two plateau regions in the first charge profile when voltage
is about 4 V and 4.5 V, respectively. According to XRD results, the
precipitate of Li1.2Mn0.54Ni0.13Co0.13O2 was recognized to be a
mixture of the trigonal R-3m structure and the monoclinic (C2/m)
structure, which can be written as xLi2MnO3$(1.2-2x) LiMO2

(M¼ Co, Ni or Mn). It is generally accepted that Li1.2Mn0.54Ni0.13-
Co0.13O2 electrodes are charged by two steps with different mech-
anisms during the first charging process. This behavior can be
explained as follows.

Charging



Fig. 4. HRTEM images of pristine (a, b, c) and LaNiO3-coated (d, e, f) LMNC particle with the fast Fourier transform pattern (FFT).
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xLi2MnO3$(1.2-2x)LiMO2 / xLi2MnO3$(1.2-2x)MO2 þ (1.2-2x)
Liþ þ (1.2-2x)e� (1)

xLi2MnO3$(1.2-2x)MO2 / xMnO2$(1.2-2x)MO2 þ 1/2x O2 þ 2x
Liþ þ 2x e� (2)

Discharging

xMnO2$(1.2-2x)MO2 þ (1.2-x) Liþ þ (1.2-x)e� / xLiMnO2$(1.2-2x)
LiMO2 (3)

The chemical reaction (1) takes place at about 4 V, which is
corresponding to the Liþ extraction from the structure of space
group R-3m, and the oxidation of Ni2þ to Ni4þ and Co3þ to Co4þ. It is
now generally accepted that the charging reaction (2) in the second
sloping section at about 4.5 V is associated with the removal of Li2O
from the Li2MnO3-like region accompanied by the generation of
oxide ion vacancies. Reaction (2) appears only in the initial cycle,
indicating that oxygen loss during first charging is an irreversible
process. The large irreversible capacity (CIRR) loss is mainly due to
the elimination of the oxide ion vacancies and the lithium ion sites,
as well as side reactions with the electrolyte at the high operating
voltage over 4.5 V [27,38,43], as shown in Table 2 and Fig. 7. In
addition, it can be seen from Fig. 5 that the charge voltage plateau is
lowered, while the discharge plateau is elevated by coating with
1e5wt% LaNiO3. This phenomenon is likely ascribed to improved
electronic conductivity and lithium ion transfer promoted by
coatings [43,44]. It has to be mentioned that the first discharge
capacity increased as the discharge plateau decreased below 3 V
regions where the discharge voltage sharply drops.

The first charge/discharge capacity, irreversible capacity and
initial Coulomb efficiency values of the pristine and surface-
modified samples at 0.1 C and 1 C are given in Table 2. At 0.1 C,
the initial charge and discharge capacity of the pristine material is



Fig. 5. Initial charge/discharge profiles of LMNC and LaNiO3-coated LMNC electrodes
between 2 and 4.8 V at a constant current density: (a) 0.1 C and (b) 1 C.

Fig. 6. Cycling performance of LMNC and LaNiO3-coated LMNC electrodes during 50
cycles at 1 C between 2 and 4.8 V.
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378mAh g�1 and 246.1mAh g�1, corresponding to the Coulombic
efficiency of 65%. However, for the test at 1 C, the three perfor-
mance indicators of the pristine material are 214.4mAh g�1,
131.8mAh g�1 and 61%. In general, compared with the pristine
sample, the LaNiO3-coated samples show that the first charge/
discharge capacity and the Coulombic efficiency were both elevated
at 0.1 C and 1 C. Notably, the initial charge/discharge capacity rea-
ches a maximum of 405.4/285.1mAh g�1 and 264.1/165.1mAh g�1

at 0.1 C and 1 C, coated with 3wt% and 5wt% LaNiO3, respectively.
The maximum of the initial Coulombic efficiency is 70% and 65% at
0.1 C and 1 C with 3wt% LaNiO3. As for the increase in the first
Table 2
The first charge/discharge capacity, irreversible capacity and initial Coulombic efficiency

LaNiO3 wt.% Initial Cycle Capacity, mAh g�1

0.1 C

Charge Discharge Loss Coulomb efficienc

0 378.0 246.1 131.9 65
1 380.4 250.8 129.6 66
3 405.4 285.1 120.3 70
5 394.6 268.4 126.2 68
charge/discharge capacity, it could possibly be attributed to the
LaNiO3 coating layer that protects Li1.2Mn0.54Ni0.13Co0.13O2 from the
side reactions of the electrolyte, which avoids structural degrada-
tion of the layered crystal lattice of the material [45]. However, the
increase in LaNiO3 content from 3% to 5% leads to a decrease in the
first discharge capacity and the Coulombic efficiency at 0.1 C. This
could possibly be ascribed to excessive LaNiO3 coating, which
might result in increasing the Li ion conductivity and depressing
the electronic transduction, which degrades the capacity of the
layered structure. It can be concluded that 3e5wt% of the
electrochemically-active LaNiO3 with pseudo-cubic peroskite
structure can effectively increase the initial discharge capacity of
LMNC.

Fig. 6 shows the discharge capacity cyclability of cells based on
lithium metals as the anode and the Li1.2Mn0.54Ni0.13Co0.13O2 and
LaNiO3-coated Li1.2Mn0.54Ni0.13Co0.13O2 as the cathode, tested at 1 C.
The discharge capacity results are summarized in Table 3, where a
gradual increase in discharge capacity can be identified.

Interestingly, from Fig. 6, the initial discharge capacity of almost
all samples is low, then increases and gradually decays during
continuous cycling. From Fig. 6 and Table 3, the initial, the
maximum and the 50th cycle discharge capacity increases with the
LaNiO3 content. When the coating content is higher than 3wt%, the
initial discharge capacity increases with more LaNiO3, while the
discharge capacity of later cycles obviously decreases at the same
time. Apparently, the 3wt% LaNiO3-coated Li1.2Mn0.54Ni0.13Co0.13O2
samples exhibit the highest discharge capacity compared to pris-
tine and other content of LaNiO3 during 50 cycles.

Results in Table 3 indicate that the Li1.2Mn0.54Ni0.13Co0.13O2 has
the initial discharge capacity of 131.8mAh g�1, reaching the
maximum of 171.7mAh g�1 in the 12th cycle and retaining
values for the pristine and surface-modified samples at 0.1 C and 1C.

1 C

y, % Charge Discharge Loss Coulomb efficiency, %

214.4 131.8 82.6 61
239.5 151.0 78.8 63
246.7 160.7 95.7 65
264.1 165.1 99 63



Table 3
Discharge capacity values for the pristine and surface-modified samples at 1 C rate.

LaNiO3 wt.% Discharge Capacity at 1 C

Initial cycle mAh g�1 Maximum mAh g�1 50th cycle mAh g�1 Capacity retention %

0 131.8 171.7 159.1 92
1 151 188.2 168 89
3 160.7 207.6 190.3 92
5 165.1 201.7 175.5 87
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166.1mAh g�1 after 50 cycles at 1 C. The Li1.2Mn0.54Ni0.13Co0.13O2
coated with 3wt% LaNiO3 shows improvements in the discharge
capacity with the initial value of 160.7mAh g�1, reaching the
maximum of 207.6mAh g�1 in the 14th cycle and retaining
190.3mAh g�1 after 50 cycles at 1 C. Meanwhile, the 50 cycles ca-
pacity retention (92%) of 3wt% LaNiO3-coated sample is higher
than 1wt% and 5wt% coating, which is equal to the pristine value.

In the first several cycles when the discharge capacity increases,
it is responsible for low initial activation and high constant current
density. Li2MnO3 phase is unstable due to the elimination oxygen
vacancies and Li sites during charging inside the layered structure.
The layer structure, rebuild by the lithium repeated intercalation/
de-intercalation, gradually becomes stable after the first several
activation cycles. Furthermore, the transformation is irretrievable,
which brings large initial capacity loss. Therefore, the Li ions
absolutely cannot enter into the layered structure by Li ions
Fig. 7. Charge/discharge profiles of LMNC and LaNiO3-coated LMNC electrodes during 50 cyc
LaNiO3.
intercalation mechanism during the first discharging at high cur-
rent density of 1 C. The discharge capacity of all samples decreases
gradually after reaching the maximum, which indicates that the
layer structure was completely activated after the first several
cycles.

It is worth noting that, as introduced above, the initial capacity
and Coulomb efficiency are improved, which implies that the initial
activation was more or less promoted by the coating route. This
may be attributed to the LaNiO3 coating increasing the Li ions
conduction and reducing the interface resistance. However, the
discharge capacity of all samples reached the maximum after about
10 cycles at high current density of 1 C. It is considered that they
have the same internal structures and phase composition.

Overall, the LaNiO3 layer should be responsible for the enhanced
high-rate electrochemical performance, which efficiently protects
the cathode material from reacting with electrolyte as well as
les at 1 C between 2 and 4.8 V: (a) pristine, (b) 1wt% LaNiO3, (c) 3 wt% LaNiO3, (d) 5wt%



Fig. 8. Cyclic voltammetric profiles of: (a) LMNC and (b) 3wt% LaNiO3-coated LMNC
electrode during the 1st and 2nd cycles between 2 and 4.8 V at 0.1mV/s scan rate.
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depressing the elimination rate of oxygen vacancies and Li sites
during electrochemical cycling [27,37,38,43,45].

As seen from Fig. 6, the curve fluctuates with small amplitude,
and the fluctuation amplitude tends to rise slightly as the content of
LaNiO3 increases. This phenomenon of curve fluctuation is
routinely seen in similar literature reports [27,38,42,43]. As for the
fluctuation, it could possibly be related to the inadequate lithium
intercalation/de-intercalation process. The excessive LaNiO3 may
be responsible for the increased amplitudes for coating with 5wt%
LaNiO3. In addition, an excessive dose of LaNiO3 results in the ca-
pacity reduction, which may be attributed to two reasons. One
reason may be because extra LaNiO3 absorbed a lot of lithium ions
to form Li3x La(2/3)�x,(1/3)�2x NiO3, which cannot participate in the
repeated intercalation/de-intercalation. On the other hand, it is
presumably caused by the cation mixing on their surface and the
formed solid electrolyte interphase film insulating layer.

The charge/discharge profiles of LMNC and LaNiO3-coated LMNC
electrodes in 1st, 10th, 20th, 30th, 40th and 50th cycles at 1 C are
shown in Fig. 7. Except for the 1st cycle, the charge plateaus in-
crease with the cycle number, while the discharge capacity fades
gradually for all electrodes. This result indicates that the polariza-
tion of electrodes increases with the number of cycles [27]. The
charge/discharge profiles of LMNC and LaNiO3-coated LMNC elec-
trodes agree well with the cyclic performance described above. The
discharge midpoint voltage of the pristine electrode decays by
0.36 V (DV) from the 1st to 50th cycle, as indicated by the arrow in
Fig. 7(a). One can also see from Fig. 7(b, c, d) that the DV values of
LaNiO3-coated LMNC electrodes are 0.44 V, 0.56 V, 0.48 V, corre-
sponding to LaNiO3 content of 1wt%, 3wt%, 5wt%, respectively.
Despite the LaNiO3 coatings improving the charge/discharge ca-
pacity, the increasing DV values reflect that the LaNiO3-coated
LMNC electrodes show higher polarization at high rate of 1 C,
compared with the pristine electrode.

Increasing electrode voltage decay DV may be attributed to the
cation mixing (Ni) on their surface. This behavior can be explained
as follows. The Ni ions in LaNiO3 coating more or less participate in
the redox reaction. Furthermore, in the charge/discharge cycles
with high current density, Li ions repeatedly pass through the
coating layer. The two behaviors are possible to affect the structure
and Li ions conduction, which bring higher polarization and voltage
decay. The small fluctuations of discharge (Fig. 6) also confirm the
change of Li ions conduction.

Fig. 8 shows cyclic voltammetric profiles of (a) LMNC and (b)
3wt% LaNiO3-coated LMNC electrodes in the 1st and 2nd cycles
between 2 V and 4.8 V at a scan rate of 0.1mV/s. The cyclic vol-
tammetric profiles reflect the oxidation-reduction reaction with
cycles. As seen from Fig. 8, there are two high oxidation peaks in the
1st cycle, corresponding to the two charge plateaus at approxi-
mately 4 V and 4.5 V in Fig. 5. The oxidation peak at 4 V is relative to
the oxidation of Ni2þ to Ni4þ and Co3þ to Co4þ. The second oxida-
tion peak at 4.5 V can be ascribed to the irreversible electro-
chemical activation reaction (2), in which the Li2MnO3 phase is
converted to Li2O and MnO2. Comparing the 1st and 2nd cycles, the
second oxidation peak at 4.5 V in the 1st cycle disappears in the 2nd
cycle. This phenomenon can explain the large irreversible capacity
in the initial cycle. This is mainly because of the elimination of the
oxide ion vacancies and the lithium ion sites.

The Nyquist plots recorded by the electrochemical impedance
spectroscopy (EIS) of the pristine and 3wt% LaNiO3-coated LMNC
electrodes are shown in Fig. 9(a) and (b). The equivalent circuit is
given in Fig. 9(c). The EIS experiments were carried out at 4.3 V in
the first and 50th cycles. As seen from the figures, all curves show
two semicircles and a short slope line. According to multiple re-
ports, the cell impedance is mainly due to the two semicircles,
which reflect the resistance of Li ionsmigration through the surface
films (Rf) and the charge transfer resistance (Rct) in the electrode/
electrolyte interface [27,38,42,43], respectively. In general, Rs rep-
resents the solution resistance, CPE refers to the non-ideal double-
layer capacitance, and Wo reflects the Warburg impedance. The
values of Rf and Rct were calculated and listed in Table 4. In the 1st
cycle, the film resistance and charge transfer resistance of samples
both decrease after coating with LaNiO3. This demonstrates that
3wt% LaNiO3-coated electrodes can depress the side reaction in the
electrode/electrolyte interface increasing the Li ion conduction.
After 50 cycles, the Rct value of 3wt% LaNiO3-coated LMNC shows
much less increase than the pristine ones. In addition, the decrease
in the Rf value of the pristine electrodes during 50 cycles may be
attributed to the unstable SEI film, which is easy to be destroyed.
However, the Rf value of coated samples presents a little change,
evidently indicating that the LaNiO3 is helpful to stabilize the film.
Overall, the electrochemical performance of the LMNC electrodes
can be enhanced by coating with LaNiO3.
4. Conclusions

LaNiO3-coated LMNC cathodes were fabricated via co-
precipitation method and surface coated LaNiO3 via a sol-gel pro-
cess. A thin LaNiO3 layer is evenly coated on the surface of LMNC
particles. There is no effect on the crystal structure of the materials



Fig. 9. The Nyquist plots of pristine and 3wt% LaNiO3-coated LMNC electrodes: (a) the
initial cycle, (b) the 50th cycle, (c) the equivalent circuit.

Table 4
The film resistance Rf and charge transfer resistance Rct of the pristine and LaNiO3-
coated samples in the 1st and 50th cycles.

Samples Pristine 3wt% LaNiO3-coated
LMNC

Cycle Rf (U) Rct (U) Rf (U) Rct (U)

1st 48.45 467.1 24.14 242.2
50th 15.84 980.4 25.96 583.0

X. Zhang et al. / Electrochimica Acta 283 (2018) 1203e1212 1211
after modification with LaNiO3. The surface modification of LaNiO3
leads to a great enhancement in the specific capacity cycling sta-
bility and rate capacity of the Li-rich cathode. The optimal LaNiO3-
coating content is 3wt%, which presents improved initial charge/
discharge capacity of 405.4/285.1mAh g�1 and 264.1/165.1mAh
g�1 at 0.1 C rate and 1 C. The initial Coulombic efficiency reached
the maximum of 70% and 65% at 0.1 C and 1 C, respectively. As seen
from the cycling performance profiles at 1 C rate, the 3wt% LaNiO3-
coated Li1.2Mn0.54Ni0.13Co0.13O2 samples exhibit highest discharge
capacity compared to pristine and other content of LaNiO3 during
50 cycles. The film resistance and charge transfer resistance both
decrease after coating with LaNiO3. This study shows that LaNiO3 is
an efficient modifier to enhance the electrochemical performance
of Li-rich cathode materials. The stable and thin LaNiO3 conducting
coating layer had not only protected the electrode structure from
destruction, but also provided an effective barrier to prevent the
side reaction of electrolyte and electrode without damage to ions
conductivity and diffusion during cycling. The LaNiO3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 cathode could be a promising candidate for
new generation of high rate rechargeable lithium-ion batteries.
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