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Abstract

The poor cycle performance and rate capability limit the wide application of lithium-rich cathode materials. Herein, we propose a
one-step method for 'La**" doping and LaMnO; coating by co-precipitation to improve the electrochemical performance of the
Li; ,Mng 54Nij 13C00.130,. XRD, EDS of the cross section, and TEM successfully confirm that La*t is doped into the material
structure and LaMnOj is uniformly coated on the surface of Li; ;,Mng s4Nij 13C0¢.130,. The Lij ;Mng 54.,Nig 13C00.13L2,05 (x=
0.03) (abbreviated as LR-NMC@0.03) sample delivers a discharge capacity as high as 248.1 mAh g "' at 1C compared with that
of 212.3 mAh g for the pristine sample. More importantly, the capacity retention for the LR-NMC@0.03 sample after 100
cycles can reach 92.5%, which is significantly higher than that of 76.8% for the pristine sample. The better rate capability and
cyclic performance of the LR-NMC@0.03 sample are attributed to the double strengthening effect by both the 'La**" doping and

LaMnO; coating with better host structural and surface stability.
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Introduction

With continuous consumption of traditional non-renewable
energy, new energy resources have attracted more and more
researchers’ attention. Lithium-ion batteries have the advan-
tages of high specific energy, low self-discharge rate, long
cycle life, no memory effect and low environmental pollution.
They have become important energy storage devices in the
fields of renewable energy, smart grid, and new energy auto-
motive technology [1-4]. Since LiCoO, (LCO) was commer-
cialized and marketed by Sony in 1991, it has been widely
used in consumer electronics products. Nevertheless, its inher-
ent low energy density and expensive raw materials limit its
application in power vehicles, for example, the pure electric
vehicles [5]. Owing to the continuous efforts of scientists,
cathode materials such as Li [Ni,Co,Mn,_,]O, [6-10],
LiFePOy4 [11, 12], and LiMn,0O4 [13, 14] have been
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continuously developed. Compared with LCO, although they
have lower cost, they still cannot meet the consumers for high-
capacity cathode materials [1, 2].

In recent years, a layered transition metal oxide cathode
material with chemical formula of zLi,MO5-(1-z)LiMO,(0 <
z<1, M=Mng sNip s, Mn,Ni,Co(j,,) 0<xy<1,0 <x+y<
1) has attracted many researchers’ attention. The Li-rich Mn-
based layered oxide, typical representative
Li; ,Mng 54Nij 13C0¢.130,, has a high theoretical specific ca-
pacity (>250 mAh/g) and low cost, which is regarded as the
most promising cathode materials for the next-generation Li-
ion batteries. However, the low initial irreversible capacity,
poor cycle performance, poor rate capability, and potential
dropping limit its further application [15-20].

So far, most of the current research work focuses on simple
doping and coating to improve the inherent defects of lithium-
rich cathode materials. Different modifications of lithium-rich
cathode were carried out in early research works, for example,
the Mg”* [21], AP** [22], and Cr’* [23] doping and AlLOs;
[24], ZnO [25], and ZrO, [26] coating. Although these works
have improved the electrochemical performance of lithium-
rich cathode materials to some extent, there is still much room
for improvement. As known to us, the structure of the lithium-
rich cathode material will collapse after being charged and
discharged, and it is easily eroded by the electrolyte [27].
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Simple doping can stabilize the structure of lithium-rich cath-
ode materials to some extent; however, the erosion of the
material by the electrolyte is difficult to be avoided. And the
simple coating can suppress the side reaction of between the
electrolyte and the lithium-rich cathode materials to some ex-
tent, but it is also difficult to maintain the structural stability in
long charge-discharge cycles.

In order to improve the electrochemical performance of
lithium-rich cathode more effectively, here we propose a
one-step method for doping and coating. Super heterovalent
cation 'La**" was selected as the doping element to replace
'Mn**" in layered lithium-rich cathode materials
Lillen0_54Ni0_13C00,1302. The blIldlIlg energy of La—O bond
is higher than that of Ni-O or Mn—O bond. The Gibbs free
energy of formation of La,O3, MnO, and NiO is —
1763.54 kJ mol ', —465.1 kJ mol ™', and —211.7 kJ mol ",
respectively. Based on the above analysis, 'La**" doping can
effectively improve the stability of layered lithium-rich cath-
ode materials. Due to the radius of the trivalent, La-ion is
obviously larger than that of the tetravalent Mn-ion [28]; as
a result, such a huge ion doping into the layered structure will
effectively broaden the lithium-ion channel in the lattice and
further improve the rate performance of the lithium-rich cath-
ode material. It is worth mentioning that due to the
heterovalent doping, the doping element '"La>*" cannot be
completely entered into the material structure; instead, a part
of the undoping 'La**" ion is coated on the surface of the
lithium-rich cathode material in the form of La compound.
Thus, the application of heterovalent 'La**" ion in the modifi-
cation of lithium-rich cathode materials can stabilize the lay-
ered structure of the material. At the same time, the La-
containing compound formed on the surface of the material
can effectively prevent the electrolyte from eroding the mate-
rial, so as to effectively improve the electrochemical perfor-
mance of lithium-rich cathode materials.

Experimental
Materials synthesis

Carbonate co-precipitation method was adopted to synthesis
La-doping Li-rich precursor of Li; ,Mng s4.
«Nip.13Cog.13La, 0, (x=0, 0.01, 0.03, 0.05) lithium-rich cath-
ode materials. According to the stoichiometric ratio of
Li; oMng s54..Nig 13C00.13La, 0, (x=0, 0.01, 0.03, 0.05),
MHSO4‘H20, COSO4’7H20, NISO46H20, and La (NO3)3
6H,0 of different proportions were dissolved in deionized
water to prepare a 2 mol/L sulfate mixed solution. Na,CO;
was selected as the precipitant and dissolved in deionized
water to form a 2 mol/L Na,COj; aqueous solution. At the
same time, appropriate amount of NH;-H,O as a complexing
agent was added to the Na,CO; aqueous solution. The above
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two mixed solutions were dropped into the container simulta-
neously in the process of continuous stirring with the speed of
1000 rpm/min. During the reaction, the pH in the solution was
controlled by NH3'H,O, and the pH was always maintained at
about 7.8. In order to obtain precursors with better morpholo-
gy, the reaction temperature and time were strictly maintained
at 60 °C and 10 h, respectively. After aging for 12 h and
stirring, filtering, and vacuum drying for 12 h, Li-rich precur-
sor by La doping with spherical morphology can be obtained.
Considering that lithium will volatilize during the sintering
process, Sat% excess of lithium carbonate was added to the
precursor. Li,CO3 was mixed with the precursor uniformly by
ball mill, and then the above mixture was first calcined in a
muffle furnace at 550 °C for 6 h and subsequently calcined at
900 °C for 12 h to obtain lithium-rich manganese-based cath-
ode materials doped with different La content.

Characterization

The morphology of the samples and the distribution of
the elements were observed by the scanning electron
microscopy equipped with an energy dispersive (SEM/
EDS, Sigma-H, Carl Zeiss Germany). X-ray diffraction
(XRD, Rigaku IV, Nippon Science Corporation) was
applied to analysis the samples’ phase composition and
structure. The coating morphology on the particle sur-
face was adopted by transmission electron microscopy
(TEM, Philips Tecnai F30).

Electrochemical test

The electrochemical properties of the pristine and mod-
ified materials were tested by the CR2032-type coin
cells. The average mass loading of the active materials
is 2.5 mg cm 2. NMP (N-methylpyrrolidone) was used
as a dispersant during the electrode sheet. The cathode
material, PVDF (polyvinylidene fluoride), and acetylene
black were mixed uniformly with a mass ratio of
80:10:10, and then the mixed slurry was evenly coated
on the aluminum foil. The prepared cathode sheets were
dried in a vacuum drying oven at 90 °C for 12 h. The
coin cells were assembled in a fully dry Ar-filled glove
box with water content and oxygen content lower than
0.1 ppm. Lithium metal sheets were used as the nega-
tive electrode, Celgard2400 microporous polypropylene
membrane was used as the separator, and the electrolyte
was 1 mol/L LiPF6 dissolved in 1:1 (V/V) vinyl car-
bonate (EC) and dimethyl carbonate (DMC). LAND
(CT2001A) battery tester was used to test the
galvanostatic charge-discharge. The voltage range was
2.0~4.6 V. AC impedance test was conducted by
CHI660B electrochemical workstation with an amplitude
of 10 mV from 100 KHz to 0.1 Hz.
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Results and discussion

Figure 1 shows the XRD diffraction patterns of Li; ;Mng 54
+Nip 13C0q 13La,0,(x=0, 0.01, 0.03, 0.05) Li-rich cathodes.
As shown in Fig. 1, all 'La®*'-doping samples show the char-
acteristic diffraction peaks of layered lithium-rich manganese-
based cathode materials. The pristine and 'La**" modified sam-
ples present a layered R-3m LiCoO, like o-NaFeO, standard
characteristic peak. All samples show weak diffraction peaks
between 20° and 25°, which is mainly due to the existence of
the material composition Li,MnOj; in the transition metal lay-
er, resulting in the characteristic signs of LiMng-type
superlattice [29, 30]. The (006)/(012) and (018)/(110) charac-
teristic peak pairs of all samples are obvious, which shows that
all the samples have good crystallinity. With the increase of
'La>*" doping content, the peak of the main phase has not
changed significantly, and the obvious characteristic peaks
of the layered lithium-rich manganese-based cathode material
are still maintained.

The previous research results show that the change of the
lattice constant of the material can confirm whether the doping
element has entered into the lattice of the material [31]. Jade
software was used to calculate the lattice constant and (003)/
(104) peak intensity ratio of the samples. The calculation re-
sults are shown in Table 1. It can be seen from the data in
Table 1 that the lattice constants a and ¢ of the '"La®*" modified
samples are larger than those of unmodified samples.
Therefore, it can be concluded that 'La**" ion has been suc-
cessfully diffused to the lithium-rich material structure. 'La>*
doping broadens the lithium intercalation diffusion channel of

the cathode electrode material, which is mainly due to La’t

Table 1 Crystal structure parameters of Li; ,Mng sq4.
Nig 13Cog 13La,0,(x =0, 0.01, 0.03, 0.05) Li-rich cathodes

Sample (x) alA c/A c/a 1(003)/1(104)
0.00 2.8527 14.2364 4.9905 1.51

0.01 2.8531 14.2458 49931 1.65

0.03 2.8545 14.2705 4.9993 1.76

0.05 2.8538 14.2539 4.9947 1.66

ion radius is larger than 'Mn**" ion radius. The result is similar

to those reported in the research [32, 33]. It is worth noting
that as the doping amount of La increases, the lattice constant
of the sample does not increase linearly. This may be due to
the strong binding force between La and O. When the doping
amount reaches a certain level, the strong binding force with O
shrinks the interlayer spacing [28]. In general, the lattice con-
stant c/a can be used as an index for evaluating the character-
istics of layered structure materials. The higher the c/a, the
better the layered structure characteristics. It can be seen from
the data in Table 1 that the c/a value of 'La**'-doping samples
are higher than those of undoping samples, indicating that
'La’*'-doping samples have better layered structure character-
istics than undoping samples. In addition, the peak intensity
ratio of 1(003)/1(104) is related to the mixed arrangement de-
gree of Li* and Ni** cations in the layered structure of the
cathode material. All 'La*>*'-doping samples have higher
1(003)/1(104) peak intensity ratios than the undoping samples.
Therefore, it can be concluded that the mixed arrangement of
Li* and Ni**cations in the layered structure of the material can
be inhibited by 'La®*" doping to a certain extent.

Fig. 1 XRD patterns of o
Li; 5Mng 54 S
XNi0.13C00‘13LaX02(X = 0, 001, ~
0.03, 0.05) Li-rich cathodes =3 4 LaMnO3
y—
- =
5 2
N —~
~ =y - ~)
3 Sty ot [EE |42 S =FEE
Z i T o x=0.05
D
= | |
T x=0.0
— (LY — ol x=0.0
MW, N X=
1 1 " 1 " 1 " 1 " 1
10 20 30 40 50 60 70 80
2-theta (*)

@ Springer



3740

lonics (2020) 26:3737-3747

It should be noted that LaMnOj3 second phase occurs in the
XRD pattern of the La-doping samples shown in Fig. 1.
Furthermore, as the amount of La-doping increases, the peak
intensity of LaMnO; second phase increases. The formation
of LaMnOs; second phase can be ascribed to the reason that the
'La>*" ions were not fully doped into the layered structure of
the lithium-rich cathode material. Combined with the
abovementioned XRD structural analysis of La-doping, to
further prove that 'La** ion has been entered the lithium-rich
material structure and clarify the existence form of LaMnO;
second phase, the cross-section EDS analysis was applied in
this paper. Figure 2a presents EDS analysis results of LR-
NMC@0.03 Li-rich cathodes’ cross section. In the experi-
ment, the data were collected in the diameter direction and
on the surface of the lithium-rich cathode particle at a distance
about 1 um. The typical EDS spectrum shown in Fig. 2b was
established to demonstrate the presence of Mn, Co, Ni, O, and
La. Experimental test results shown in Fig. 2c demonstrate

that the La contents from point 1 to point 5, i.e., the interior
to the surface of the LR-NMC@0.03 particle, are 0.46, 0.53,
0.48,0.61, and 0.87at%, respectively. As shown in Fig. 2c, the
variety trend of the La content from the interior to the surface
of the particle can be clearly seen. It should be noted that the
particle interior had been detected and the La contents were all
lower than the theoretical La content (0.75at%), revealing that
'La®*" ion has been doped into the layered structure of the
lithium-rich cathode material successfully. This result is con-
sistent with the conclusion of the aforementioned XRD
analysis.

One can find that the surface La contents of the LR-
NMC@0.03 particle are significantly higher than those of
the interior. Figure 2d exhibits La content distribution curve
of the particle surface; as shown in Fig. 2d, La contents of the
particle surface vary little, and the calculation results show
that the average La content of the particle surface is about
0.90at%. Combined with the LaMnO; second phase appeared
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. ~
g " /
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Fig. 2 SEM image of LR-NMC@0.03 Li-rich cathode cross section
exhibiting the areas marked with the red dots where the point EDS anal-
yses were performed, for a SEM image of cross section. b Representative
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Layered Li-rich cathode

Fig. 3 TEM image of LR-NMC@0.03 Li-rich cathode

in XRD pattern shown in Fig. 1 after La doping, it can be
concluded that 'La**" ions that are not fully doped into the
layered structure of the lithium-rich cathode material exist
on the surface of the material particles in the form of

Fig. 4 SEM images of

Li; sMng s4-

«Nio.13C00.13La,0,(x =0, 0.01,
0.03, 0.05) Li-rich cathodes: a
x=0,bx=0.01,cx=0.03,and d
x=0.05

LaMnOs. In order to better identify the existence details of
LaMnO; phase on the particle surface, TEM characterization
was adopted to analysis morphology and coating situation of
LaMnOj; phase. The coating layer of about 2~3 nm shown in
Fig. 3 can be clearly seen on the surface of the LR-
NMC@0.03 Li-rich cathode particle. Meanwhile, the coating
layer on the particle surface is dense and uniform. According
to the phase analysis result in Fig. 1 and the EDS test result in
Fig. 2band d, the coating layer can be determined as LaMnOs.

SEM was adopted to analyze the morphology and particle
size of the pristine and the 'La**" modified samples. Figure 4
presents the SEM images of the Pristine and the 'La**" modi-
fied samples. As shown in Fig. 4, all the samples with the
particle size about 10 pm are secondary particles formed by
stacking primary particles, and the particles are dispersed
evenly. The samples still maintain good spherical morphology
after modified by 'La®*" ion. It is noteworthy that the surface of
'La**" modified samples is more smooth and compact.
However, the surface of the pristine sample is coarse, and
there are many randomly distributed holes on the surface.
Figure 5 presents the EDS mapping patterns of LR-
NMC@0.03 Li-rich cathodes. As shown in Fig. 5, Ni, Co,
Mn, and La elements were detected successfully on the parti-
cle surface by the EDS test. Meanwhile, all the detected ele-
ments distribute uniformly. The La element that distributes
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Fig. 5 EDS mapping patterns of LR-NMC@0.03 Li-rich cathodes

uniformly can be considered that LaMnO; coating layer is
well coated on the surface of positive particles. This result is
well in accord with the analysis in Fig. 3.

The charge-discharge profiles of Li; ,Mng. s4.
Nig 13C0g 13La,0,(x=0, 0.01, 0.03, 0.05) Li-rich cathodes
in the first cycle conducted from 2.0 V to 4.6 V at C/10
(1C =250 mA g ') are shown in Fig. 6. All the samples ex-
hibit similar charge-discharge curve characteristics, i.e., the
charge profiles of all the samples consist of a slant line below
4.5 V and a plateau around 4.5 V, corresponding to the oxida-
tion of nickel and cobalt and the activation of Li,MnOs3, re-
spectively [34-36]. The charge-discharge capacity values, the
irreversible capacity (Cirr) values, and the coulombic efficien-
cy for all the samples in the first cycle are listed in Table 2.
With the increase of La doping content, the charge capacity of
the sample decreases in turn; however, the discharge capacity
of the sample increases first and then decreases. It is important
to note that the initial discharge capacity of Li; ;Mng s4.
Nig.13C0q.13La, 0, when x= 0.03 can reach as high as
286.7 mAh g ' compared with that of 260.6 mAh g_1 for
the pristine sample (x= 0). Furthermore, the Cirr value
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reduces from 77.0 to 36.4 mAh gfl, and the initial coulombic
efficiency also increases from 77.2 to 88.7%. Appropriate La
doping cannot only broaden the transport channel of lithium-

Voltage (V)

v T T T T T T T T T T T T

0 50 100 150 200 250 300 350
Capacity (mAh/g)

Fig. 6 The initial charge-discharge curves of LR-NMC@0.03 Li-rich

cathodes in 2.0~4.6 Vat C/10



lonics (2020) 26:3737-3747

3743

Table 2 The initial charge-

discharge data of Li; ;Mng s4. Sample  First charge capacity/  First discharge capacity/  Irreversible capacity/ ~ First coulomb
Nig.13C00.13La,0,(x =0, 0.01, @) mAh g mAh g mAh g efficiency/%
0.03, 0.05) Li-rich cathodes

0.00 337.6 260.6 77.0 712

0.01 329.7 271.5 58.2 82.3

0.03 323.1 286.7 36.4 88.7

0.05 321.8 279.3 425 86.8

ion but also stabilize the structure of the material. LaMnO;
formed by La that has not entered the material structure was
coated on the surface of the material which can effectively
prevent the electrolyte from eroding the surface of the cathode
electrode material. Meanwhile, the LaMnOj; coating layer can
protect oxygen vacancies generated during the first charge and
suppress the evolution of O, gas to a certain extent [27, 37].
Thus the discharge performance of the lithium-rich cathode
material has been effectively improved. However, too little
doping of La has limited effect on improving the structure
and electrochemical performance of the material. Excessive
doping of 'La**" does not completely allow 'La**" to enter the
lattice of the layered material and generates too much two-
phase LaMnOs;. The excessive LaMnO3 may hinder the trans-
port of lithium-ions, which worsens the electrochemical prop-
erties of the cathode material.

To evaluate the rate performance of the 'La**" modified
samples, the rate capacity voltage of the pristine for Fig. 7a
and LR-NMC@0.03 for Fig. 7b at C/10, C/5, C/2, 1C, and 2C
had been conducted. It can be seen that the LR-NMC@0.03
sample delivers a higher discharge capacity than that of the
pristine at all the tested rates. For instance, LR-NMC@0.03
sample exhibits a discharge capacity of 248.1 mAh g ' at 1C
in comparison with that of 212.3 mAh g~' for the pristine.
Interestingly, all the spacing between adjacent capacity-
voltage curves for the LR-NMC@0.03 sample are narrower
than those of the pristine. The above analysis indicates that the
LR-NMC@0.03 sample has a better rate performance.

(a)

Voltage (V)

Voltage (V)

Capacity (mAh-g")

T T T T
0 50 100 150 200 250 300

To establish better understanding of the origin of the better
rate capability for the LR-NMC@0.03 sample, the differential
capacity versus voltage (dQ/dV) plotted in Fig. 8 had been
performed at 1C rate for both the pristine sample and the
LR-NMC@0.03 sample. As we know, the origin of the redox
species comes from Ni**oNi*"oNi** and Co**—Co**
oxidation/reduction reaction simultaneously accompanied
with different phase transitions during the electrochemical
processes as reported in the researches [38—40]. The two ob-
vious reduction peaks displayed in Fig. 8 shift to higher po-
tential in the LR-NMC@0.03 sample compared with that in
the pristine sample. Previous study [40] shows that the peak
potential is closely related to the total polarization of the ex-
perimental samples including ohmic polarization, charge
transfer polarization, and diffusion polarization. Specifically,
the higher the peak potential value, the smaller the total polar-
ization value, which is under the discharge process of cathode
electrode. In other words, the LR-NMC@0.03 sample pos-
sesses higher the peak potential value than the pristine, indi-
cating lower total polarization value. Therefore, the LR-
NMC@0.03 sample exhibits better rate capability.

To further clarify the origin of the enhanced rate capa-
bility for the LR-NMC@0.03 sample comprising the pris-
tine sample, electrochemical impedance spectra (EIS) mea-
surement had been conducted at 25 °C after the first cycle
and 100 cycles. All the samples were charged to 4.6 Vat 1C
before tested. The inset is the equivalent circuit used to fit
the Nyquist plots listed in Fig. 9. In general, a Nyquist plot

v T T T T T
0 50 100 150 200 250 300

Capacity (mAh-g")

Fig. 7 The rate performances of Li; ;Mng s54..Nig 13C0¢ 13La,0, Li-rich cathodes for a x=0 and b x=0.03
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Fig. 8 The dQ/dV curves of the discharge process at 1C rate of the
pristine sample and LR-NMC@0.03 sample

for the lithium-rich cathode material consists of two semi-
circles and one slope. Specifically, the intercept of the first
semicircle with real axis in the highest frequency region
represents the ohmic resistance (Rs) of electrolyte, separa-
tor, and electrode. The first semicircle in the high frequency
region and the second semicircle in the middle frequency
region refer to the resistance (Rf) of lithium-ion diffusion in
the solid-electrolyte interface (SEI) and the charge transfer
resistance (Rct) in the electrode and electrolyte interface,
respectively. The slope in the low frequency region belongs
to Warburg impedance (W,) of lithium-ion diffusion in the
bulk electrodes [41]. In this study, each Nyquist plot of
both the samples exhibit an overlapped semicircle in the
high-to-medium frequency region and a slope straight line
in the low frequency region. It should be pointed that the
semicircle of the high frequency region can be mainly at-
tributed to the Rct. Generally, the Rs for the cathode mate-
rials is far less than the Rct. As shown in Fig. 9, the charge
transfer resistance (Rct) values of both the samples no

1000

] Rs Ret Wo
900 e e
800 CPE
] i —
T e x=0.03
- 600 -
E Ist 100th
£ st s 100th
~ ® / [ ]
. ] /] g
S 400 ¢ o
N 83z ] P v
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S r
118H:"‘1‘H~\~'!f:r4£4H1
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100 4

T
0 100 200

Fig. 9 Nyquist plots of Li; ;Mnyg 54.,Nig 13C0¢ 13La,0, Li-rich cathodes
at 1st and 100th cycles
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Table 3 The fitting data

of Rs and Ret of Sample (x) Cycle Rs(2) Rect(92)
Li; ;Mng s4.
Nio.13C0p 13La,0, Li- 0.00 Ist 4.1 177.8
rich cathodes for (a) x=0 100th 5.8 713.9
and (b) x=0.03 at the 1st 0.03 1st 32 98.7
and 100th cycle

100th 4.7 226.2

matter in which cycle have contributed the main part of
the total impedance. However, the ohmic resistance (Rs)
values as a tiny part of the total impedance are less than
6 Q. Furthermore, there is very little difference in the Rs
values between the pristine samples and the LR-
NMC@0.03 samples, indicating that the modification of
'La**" does not change the conductivity of the cathode elec-
trode material. The details of the fitting impedance data are
recorded in Table 3. It’s remarkable that the Rct values for
the pristine sample at the 1st and 100th cycle are both
greater than that of the LR-NMC@0.03 sample.
Moreover, the Ret values for the pristine sample increase
from 177.8 2 at the 1st cycle to 713.9 2 at the 100th cycle,
while the Rct values for the LR-NMC@0.03 sample in-
crease from 98.7 Q at the Ist cycle to 226.2  at the
100th cycle. The lower Rct values for the LR-
NMC@0.03 sample at the 1st and 100th cycle can be as-
cribed to the effective inhibition of side reaction on the
cathode/electrolyte interface by the LaMnOj3 coating.
Previous research results [42, 43] show that the dominant
factor of the rate performance for the cathode electrode
materials was the Rct value. Specifically, the electrode po-
larization decreases with the decrease of the Rct value,
resulting in a better rate performance. It is worth mention-
ing that 'La**" doping can effectively broaden the lithium-
ion channel in the lattice as shown in Table 1 and further
facilitates the transport of lithium-ions, thus improving the

- -'.‘-'
240 e o,

o8,
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4 s -
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'adAdad,
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1 Sl panian,
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Fig. 10 Cycling performance of Li; ;Mng s4.,Nip 13C00 13La,0, Li-rich
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rate performance of the 'La**" modified sample. Overall, the
double strengthening effect of the 'La**" modification pro-
motes the LR-NMC@0.03 sample’s own better rate
capability.

To evaluate the cycling stability of the pristine sample and
the LR-NMC@0.03 sample, the charge-discharge cycle test
had been performed at 1C with the potential window of 2.0—
4.6 V. Figure 10 presents the details with regard to the relation
between the cycle number and discharge capacity for both the
pristine sample and the 'La**" modified sample. The pristine
sample delivers an initial discharge capacity and the discharge
capacity after 100 cycles of 212.3 mAh g ! and
163.1 mAh g !, respectively, the discharge capacity retention
of which is only 76.8%. Interestingly, the discharge capacity
retention of LR-NMC@0.03 sample can reach 92.5%, corre-
sponding to the initial discharge capacity is 248.1 mAh g’
and the 100th cycle discharge capacity is 229.4 mAh g~'. The
cyclic discharge curves at 1st, 25th, 50th, 75th, and 100th for
both the samples are plotted in Fig. 11. It can be clearly seen
that the discharge curves of the LR-NMC@0.03 sample at
different cycles are noticeably denser compared with those
of'the pristine samples, indicating a lower capacity decay rate.
The better cyclic stability of the LR-NMC@0.03 sample can
be ascribed to the more stable host structure and surface struc-
ture for the double strengthening effect by both the 'La**"
doping and LaMnO; coating. Firstly, the 'La** doping makes
the cathode electrode material own a better layered structure.
And the mixed arrangement degree of Li* and Ni** cations
has been lowered as analyzed in the second paragraph of the
“Results and discussions” section. In addition, the binding
energy of La—O bond is higher than that of Ni-O or Mn—-O
bond as described in the fourth paragraph of the
“Introduction” section, which helps to retain oxygen vacan-
cies in the structure of the cathode material and further im-
prove the structure stability. Secondly, the LaMnO; coating
layer can suppress the corrosion of the cathode electrode ma-
terial by the electrolyte, preventing the surface structure of the
cathode electrode from severe collapse. Actually, one can find

that the Rct value of the LR-NMC@0.03 sample only in-
creases from 98.7 () at the 1st cycle to 226.2 €2 at the 100th
cycle compared with that of the pristine; thus, the slow in-
crease in Rct values during long cycles for the LaMnOs coat-
ing facilitates the migration of lithium-ions across the cathode/
electrolyte interface.

Conclusions

The one-step method for 'La®*" doping and LaMnO; coating is
successfully applied to modify the Li; ,Mng 54Nig 13C0g 130,
cathode material. The electrochemical performances of the
Lillen0_54Ni0_13C00,1302 for the double Strengthening effect
by 'La**" doping and LaMnOj; coating had been improved
effectively. The LR-NMC@0.03 sample exhibits lower irre-
versible capacity loss, higher initial coulomb efficiency,
higher discharge capacity, better cyclic performance, and bet-
ter rate capability compared with those of the pristine sample.
The better electrochemical properties for the LR-NMC @0.03
sample can be attributed to stability improvement of its host
structure and surface structure by 'La®*' doping and LaMnOs
coating, respectively. It is worth mentioning that one-step
method by the 'La>*' modified can be extended to other kinds
of cathode materials.
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