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LaFeO3 is introduced as an ideal protective coating layer with excellent con-
ductivity to enhance LiNi0.5Co0.2Mn0.3O2 (NCM523) cathode material for use
at higher operating voltage (especially 4.6 V). Various material characteriza-
tion methods are employed to characterize the structural and morphological
characteristics of the pristine and modified samples, including x-ray diffrac-
tion analysis, field-emission scanning electron microscopy, transmission
electron microscopy, and x-ray photoelectron spectroscopy. The electrode with
2 wt.% LaFeO3 coating showed capacity retention of 80% at current density of
1 C after 200 charge/discharge cycles at 25�C, compared with 63% for the
pristine electrode. Cyclic voltammogram results indicated that the LaFeO3

coating reduced the cell polarization during extended cycling. The results
therefore show that LaFeO3 has potential for coating of NCM523 for use even
at high voltage.

INTRODUCTION

Over the last few decades, lithium ion batteries
(LIBs) have become widespread, being used as
power sources for many devices ranging from
portable electronic devices to electric vehicles
(EVs), as well as large-scale stationary energy
storage systems. The resulting demand for LIBs
with both high power density and high energy
density has stimulated tremendous research effort
to exploit high-performance electrode materials.
LiNi0.5Co0.2Mn0.3O2 (NCM523), a cathode material
for LIBs, has attracted significant attention due to
its high theoretical capacity and moderate cost.1–5

Unfortunately, when such electrodes are charged at
4.6 V to achieve higher capacity, the NCM523
material often demonstrates poor cyclic stability,
because the transition metals in the host structure
may dissolve in the organic electrolyte and catalyze
severe side-reactions at the interface.6–9 HF and

LiF, i.e., organic and inorganic byproducts gener-
ated by the decomposition of the organic electrolyte,
can also attach to the surface of the NCM523
cathode material, resulting in the appearance of a
solid electrolyte interface (SEI) film that thickens as
the charge–discharge cycles progress.10 Owing to
the poor electric and ionic conductivities of this SEI
film, NCM523 cathodes exhibit fast capacity fading
and poor rate capability.11 Moreover, HF can result
in erosion of the active material, thus degrading the
cycling performance.12,13 The performance degrada-
tion resulting from these failure mechanisms
depends heavily on the surface state.14

Various strategies have been adopted to address
these issues, including surface modification, ele-
mental substitution, and electrolyte additives,
among which surface coating has been demon-
strated to represent a useful approach to enhance
the structural stability and electrochemical perfor-
mance, including cycling performance and rate
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capability, of such cathode materials.15–21 The coat-
ing materials typically used for such surface mod-
ification include metal oxides (e.g., CeO2, ZnO, and
Y2O3), fluorides (e.g., AlF3), phosphates (e.g.,
LaPO4), and many inorganic materials (e.g.,
Li2ZrO3, Li2SiO3). Previous studies have indicated
that such a surface coating can separate the cathode
material from the electrolyte, thereby suppressing
the side reaction caused by HF as well as the
dissolution of transition metals.18–21 Unfortunately,
during the charge–discharge process, some of these
inert materials may also hinder deintercalation of
lithium ions.21 Therefore, good candidate coating
materials should exhibit the following properties:
(1) high electrical/ionic conductivity to accelerate
the transmission rate of Li+/electrons, and (2) good
structural and thermal stability.20

Against this background, ABO3-type perovskite
oxides have been adopted to coat the surface of
NCM523 to enhance its electrochemical properties,
due to their outstanding physical and chemical
properties; For instance, some exhibit both high
Li+/electron conductivity and good electrochemical
stability because of their unique crystal struc-
tures.22 LaFeO3 perovskite is reported to be gener-
ally applicable for catalytic oxidation and in gas
sensors, serving in particular as a surface coating
material for electrodes in LIBs, based on its out-
standing electrical and gas-sensitive characteris-
tics.23 In the bulk LaFeO3 lattice, charge transfer is
favored by the presence of oxygen vacancies, greatly
enhancing its electrical conductivity.24 It is clear
that surface modification by coating with LaFeO3

may be a useful approach to enhance the transmis-
sion rate of Li+ and the electrical conductivity of
NCM523 cathode material.23 Furthermore, it may
prevent corrosion by HF and maintain operation
under extreme conditions such as high temperature.
In addition, the interfacial stability of the cells may
also be improved owing to the excellent structural
stability of LaFeO3.

In this study, LaFeO3 coating was used not only
as a protective layer but also to act as an excellent
Li+ conductor. LaFeO3-modified NCM523 samples
were prepared by a sol–gel method to obtain a
uniform coating over the whole material. The cycle
stability of the modified NCM523 was significantly
enhanced with less capacity loss. In particular, the
effects on the crystal structure, morphology, and
electrochemical performance of NCM523 were sys-
tematically explored.

EXPERIMENTAL PROCEDURES

Preparation of LaFeO3-Coated NCM523

High-temperature solid-state sintering was used
to prepare pristine NCM523 powder. First, com-
mercial Ni0.5Co0.2Mn0.3(OH)2 precursor was were
mixed with LiOHÆH2O (99.9%, Aladdin) in a mortar
at molar ratio of 1:1.05, and the mixture was ground
for approximately 20 min, followed by sintering by a

two-step heating procedure in a muffle furnace, viz.
precalcination at 500�C for 5 h and calcination at
900�C for 12 h. LaFeO3-coated NCM523 (denoted as
LFO-x) was then synthesized by a sol–gel method.
First, coating solution was prepared by dissolving
La(NO3)3Æ6H2O (99.90%) particles and
Fe(NO3)3Æ9H2O (98.50%) particles in absolute etha-
nol at molar ratio of 1:1. Subsequently, NCM523
powder was slowly dispersed into the coating solu-
tion described above under gentle magnetic stirring
at 80�C, to evaporate the absolute ethanol. The
resulting gels were dried in an oven at 80�C for 2 h
to allow complete evaporation of the absolute
ethanol, followed by sintering at 600�C for 2 h.
The final sintered powders are denoted as LFO-0
(0 wt.% LaFeO3 coating), LFO-1 (1 wt.% LaFeO3

coating), LFO-2 (2 wt.% LaFeO3 coating), and LFO-
3 (3 wt.% LaFeO3 coating).

Material Characterization

The crystalline structure of the as-prepared sam-
ples was determined by x-ray diffraction (XRD)
analysis using Cu Ka radiation (Rigaku Mini-
Flex600) in the 2h range from 10� to 80� at scan
rate of 2� min�1 and room temperature. The micro-
morphology of all the samples was investigated by
field-emission scanning electron microscopy
(FESEM, FEI Nova Nano SEM 450) and transmis-
sion electron microscopy (TEM, Hitachi, H-800,
200 kV). The surface state of the bare and modified
samples was analyzed by x-ray photoelectron spec-
troscopy (XPS, Thermo ESCALAB250XI).

Electrochemical Measurements

The cathode materials were used in CR-2025 coin
cells to study their electrochemical performance.
Further, 80 wt.% active material, 10 wt.% acetylene
black as conductive agent, and 10 wt.t% polyvinyli-
dene fluoride (PVDF) as binder were mixed and
ground for approximately 15 min in an agate mor-
tar, and ground continually with dropwise addition
of N-methylpyrrolidinone (NMP) into the mixture.
After wet grinding for approximately 5 min, a
homogenous slurry was obtained. Subsequently,
the obtained slurry was coated evenly on Al foil.
Subsequently, a heating process to dry the samples
was performed at 120�C for 12 h under vacuum.
Subsequently, CR-2025 cells was assembled in an
Ar-filled glovebox using lithium metal sheet as
anode and Celgard 2400 as separator. Ethylene
carbonate (EC) and dimethyl carbonate (DMC) were
mixed at volume ratio of 1:1 followed by addition of
1 M LiPF6 to prepare the electrolyte. A LANHE
battery test system (CT-2001A, China) was used to
test the cycle performance of the coin cells in the
voltage range from 3.0 V to 4.6 V (versus Li/Li+).
Cyclic voltammetry (CV, scan rate 0.1 mV s�1,
potential range 3.0 V to 4.6 V) and electrochemical
impedance spectroscopy (EIS) were conducted using
an electrochemical workstation (CHI660E, China).
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RESULTS AND DISCUSSION

Physical Characterization

Figure 1 shows the XRD patterns of the LFO-x
(x = 0, 1, 2, 3) samples. All peaks correspond to the
layered hexagonal structure of a-NaFeO2 in space
group R �3m. The sharp and well-defined peaks
observed for all samples confirm that the LaFeO3

coating had no significant effect on the host mate-
rial. No impurity peaks indexed to LaFeO3 were
observed in the XRD patterns of the LFO-1 sample,
likely owing to the low coating content. However, for
the other LFO-x (x = 2, 3) samples, a weak diffrac-
tion peak for LaFeO3 appeared at 2h = 32.5�, corre-
sponding to Joint Committee on Powder Diffraction
Standards (JCPDS) card no. 75-0439,24 indicating
successful formation of LaFeO3. Rietveld refinement
was applied to further understand the effect of
LaFeO3 on the structural parameters of the cathode
material.

Rietveld refinement results for the slowly scanned
powder XRD profiles of the LFO-0 and LFO-2
samples are shown in Fig. 1b and c, respectively.
The corresponding lattice parameters are listed in
Table S-1 (Online Supplementary Material). The
observed and calculated profiles match well, with
low values of both Rwp and Rp, indicating accurate
refinement results. All the lattice parameters for
the two samples are close; in particular, the cation
mixing degrees are almost the same. This indicates
that the LaFeO3 coating lies on the surface of
NCM523, rather than entering the host material.

The SEM images in Fig. 2 show no distinct
differences in the size range among all the samples
with average particle diameter of approximately
12 lm to 15 lm. The surface of the LFO-0 particles
(Fig. 2a and b) showed smooth and clear edges,

while the LaFeO3-coated NCM523 samples exhib-
ited rough surface morphology. When a coating of
2 wt.% or 3 wt.% was applied, a homogeneous
coating composed of island-like material formed on
the surface of the LFO-2 (Fig. 2c and g) and LFO-3
samples (Fig. 2d and h). Owing to the thicker and
denser coating layer, the interstices between the
primary particles were blurred and could barely be
distinguished. Figure S-1 (Online Supplementary
Material) shows energy-dispersive x-ray spec-
troscopy (EDS) mapping images of the LFO-2
sample. A uniform distribution of transition-metal
elements such as Ni, Co, and Mn is observed in the
LFO-2 sample. As expected, the La and Fe elements
from the LaFeO3 coating exhibited the same distri-
bution range as the abovementioned three ele-
ments, indicating that the surface of the NCM523
powder was uniformly wrapped with a LaFeO3 layer
(Fig. S-1b–f).

Figure S-2 (Online Supplementary Material)
shows high-resolution (HR)TEM images of the
LFO-0 and LFO-2 samples. No material was detected
on the surface of the pristine NCM523 (Fig. S-2a),
consistent with the SEM results (Fig. 2a). In contrast
to the bare sample, the surface of the LFO-2 sample
(Fig. S-2b) was wrapped with some small particles.
The measured lattice spacing of the coating layer was
approximately 0.29 nm (Fig. S-2c), in agreement
with the (110) planes of LaFeO3, confirming success-
ful formation of the LaFeO3 coating layer.24 A
uniform LaFeO3 layer can act as a physical barrier
to avoid unwanted reactions between the active
material and organic electrolyte.

Figure S-3 (Online Supplementary Material)
shows the XPS survey spectrum of the LFO-0 and
LFO-2 samples, confirming the presence of transi-
tion-metal elements (Ni, Co, and Mn) as well as La

Fig. 1. (a) XRD patterns of the LFO-x samples, and Rietveld refinement results for the (b) LFO-0 and (c) LFO-2 samples.
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and Fe. The binding energy positions of the Ni 2p,
Co 2p, and Mn 2p signals did not change signifi-
cantly for either LFO-x sample, having values of
854.6 eV, 778.2 eV, and 642.4 eV, respectively
(Fig. S-3b–d). In particular, as shown in Fig. S-3e,
both the La 3d3/2 and La 3d5/2 peaks showed a
distinct splitting, resulting in four La 3d signals
located at 861.4 eV, 853.9 eV, 837.8 eV, and
834.4 eV. The Fe 2p peak in Fig. S-3f is split into
2p3/2 near 711.6 eV and 2p1/2 near 724.8.0 eV,
suggesting the presence of Fe as Fe2+ in LaFeO3.25

Comparison with standard data therefore confirms
the formation of LaFeO3 on the surface of NCM523.

Electrochemical Performance

Figure 3 shows the initial charge–discharge
curves of the LFO-x electrodes at 0.1 C
(1 C = 180 mA g�1) between 3.0 V and 4.6 V. The
curves of all the samples exhibit a plateau starting

at 3.75 V, which is due to gradual oxidation of the
nickel ion from a lower to higher valence state. The
initial discharge capacity of the LFO-0 electrode
was 195 mAh g�1 (Fig. 3a), higher than those of the
LaFeO3-coated electrodes: 193.5 mAh g�1 for LFO-
1, 192 mAh g�1 for LFO-2, and 191.7 mAh g�1 for
LFO-3. This is because the LaFeO3 phase is elec-
trochemically inactive.

All the cells were initially charged/discharged at
0.1 C, 0.2 C, and 0.5 C thrice, and subsequently 200
times at 1 C in the voltage range of 3.0 V to 4.6 V.
As shown in Fig. 3b, the electrodes coated with
small amounts of LaFeO3 exhibited superior lithium
storage ability compared with the bare LFO-0
electrode over 200 cycles at room temperature.
The initial discharge capacity of LFO-0 was
171 mAh g�1, which reduced to 107 mAh g�1 after
200 cycles with capacity retention of 63%. Com-
pared with the LFO-0 electrode, the LFO-x (x = 1, 2,

Fig. 2. SEM images of LFO-0 (a, e), LFO-1 (b, f), LFO-2 (c, g), and LFO-3 (d, h).

Fig. 3. (a) Initial charge–discharge curves at 0.1 C, (b) cyclic performance at 1 C for LFO-x (x = 0, 1, 2, 3) electrodes. 1 C = 180 mA g�1, 3.0 V
to 4.6 V.
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3) electrodes delivered higher discharge capacities
of 125 mAh g�1, 148 mAh g�1, and 116 mAh g�1

after 200 cycles, respectively. All the LaFeO3-coated
electrodes exhibited better cycling durability than
LFO-0, viz. 70% for LFO-1, 80% for LFO-2, and 68%
for LFO-3. This enhancement can be attributed to
the change in the surface chemistry. Coating with a
moderate amount of LaFeO3 not only provided
anticorrosion protection of the NCM523 surface
but also accelerated diffusion of lithium ions.

Figure S-4 (Online Supplementary Material)
shows the Nyquist plots of the LFO-0 and LFO-2
electrodes in the fully charged state. In general, the
semicircle in the high-frequency range is attributed
to the impedance of the solid electrolyte interface
(SEI) layer (Rsei) formed on the electrode surface,
whereas the semicircle in the intermediate-fre-
quency region is related to the interfacial charge
transfer resistance (Rct), and the low-frequency
oblique line corresponds to the Warburg impedance
(W).26,27 The lithium ion diffusion coefficient (DLiþ )
was obtained using a formula in Ref. 28. The fit
resistance values and DLiþ values are listed in
Table S-2. The LFO-0 electrode showed a higher
Rsei value compared with the LFO-2 electrode after
10 and 50 cycles, indicating that LFO-2 possessed a
more stable surface. Moreover, the Rct value of the
LFO-0 electrode was 175.6 X after 10 cycles,
increasing to 325.5 X after 50 cycles. In comparison,
the Rct value of the LFO-2 electrode was 80.5 X
after 10 cycles, increasing slowly to 123.6 X after 50
cycles, with a DLiþ value of 5.13 9 10�11 cm2 s�1

after 10 cycles. The lithium ion diffusion rate in the
LFO-2 electrode was higher than that in the LFO-0
electrode (1.16 9 10�11 cm2 s�1). The stable resis-
tance and faster lithium ion diffusion rate found for
the LFO-2 electrode can be attributed to suppres-
sion of the interfacial side reactions and the supe-
rior lithium ion transport ability conferred by the
LaFeO3 coating.

Figure 4 shows the CV results for the first four
cycles of LFO-0 and LFO-2. The redox peak of the
two electrodes displays a similar shape, indicating
that the LaFeO3 coating layer did not participate in
the electrochemical reaction during the lithiation/
delithiation process. The difference in the redox
potential (D-value) of the LFO-2 electrode (0.31 V)
was smaller than that of LFO-0 for the first cycle
(0.328 V). Moreover, the D-values of the following
cycles for the LFO-2 electrode were also lower than
those of LFO-0. Therefore, the LaFeO3 coating could
improve the reversibility and reactivity of the
NCM523 electrode even under high voltages.

Figure S-5 shows the morphologies of LFO-0 and
LFO-2 after 200 cycles at 1 C. As shown in these two
images, the particles of the LFO-0 sample split into
small fragments. In accordance with the cyclic
durability data in Fig. 3b, such pulverization of
the LFO-0 electrode could cause rapid deterioration
in its electrochemical performance. Compared with
the morphology of the LFO-0 sample, LFO-2
retained a spherical shape after repeated cycles
(Fig. S-5b), demonstrating that the LaFeO3 coating
persistently protected the active material from acid
corrosion by the organic electrolyte, resulting in the
enhanced high-voltage cycling properties of the
modified NCM523 electrode materials.

CONCLUSION

A uniform LaFeO3 coating layer was formed on
NCM523 layered oxide using a facile and efficient
sol–gel method. No change in the crystalline struc-
ture of the host was observed after LaFeO3 modi-
fication. The coating not only served as a protective
layer for the host material, but also favored trans-
portation of lithium ions through the interface.
Although the initial discharge capacity of the mod-
ified electrodes at 0.1 C indicated a slight decline
compared with the pristine electrode, the cyclic
durability of the coated electrodes was significantly

Fig. 4. CV curves for (a) LFO-0 and (b) LFO-2 electrodes between 3.0 V and 4.6 V with scan rate of 0.1 mV s�1.
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enhanced. These findings indicate that LaFeO3

could serve as a reliable coating material to improve
the cycle performance under high voltages.
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