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Abstract Yttrium fluoride YF3 layer with different coating con-
tents is successful ly covered on the surface of
Li1.2Mn0.54Ni0.13Co0.13O2 via a common wet chemical ap-
proach. The XRD, SEM, TEM, and charge-discharge tests are
applied to investigate the influence of YF3 layer on the micro-
structural, morphology, and electrochemical properties of
Li1.2Mn0.54Ni0.13Co0.13O2. And the electrochemical test results
demonstrate that the YF3-coated LMNCO samples exhibit the
improved electrochemical properties. The 2wt.%YF3-coated
LMNCO delivers a discharge capacity of 116.6 mAh g−1 at
5 C rate, much larger than that (95.6 mAh g−1) of the pristine
one. Besides, the electrochemical impedance spectroscopy (EIS)
and cyclic voltammetric results indicate that the YF3 coating
layer can promote the optimization formation of SEI film and
reversibility of the electrochemical redox.
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Introduction

Nowadays, the Li-ion batteries have been widely used for
Electronic Consumer Market, Electric Vehicle Sector, and so

on [1, 2]. However, owing to the low mass energy density of
cathode materials, such as LiCoO2, LiFePO4, and
LiMn1/3Ni1/3Co1/3O2, the Li-ion batteries cannot be applied
in the high power output equipment [3–5]. As a probable
alternative to the traditional cathode materials, layered
lithium-rich materials xLi2MnO3·(1-x)LiMO2 (M = Ni, Co,
Mn, etc) can deliver a high specific discharge capacity (up to
250 mAh g−1) and become appealing for practical application
in the electric vehicles (EVs) and hybrid electric vehicles
(HEVs) [6, 7]. However, some drawbacks, such as the large
initial irreversible capacity loss and poor cycling performance
at high current density, have limited the applications of the
materials [8, 9]. To circumvent the abovementioned intrinsic
limitations, a most conventional and efficient method is to
cover the surface of pristine particle with metal oxides [10,
11], phosphates [12, 13], fluorides [14], etc. These modifying
layers can reduce the initial irreversible capacity loss and im-
prove the cycling performance of the layered lithium-rich ma-
terials through inhibiting the side reaction between the cath-
ode and electrolyte during the charge-discharge process.

It has been proven that HF species will be formed by the
hydrolysis of electrolyte with a trace amount of water [15].
And metal fluorides have demonstrated chemical stable under
the environment of HF acid etching [16]. Therefore, metal
fluoride is one of the most promising surface coating candi-
dates. Besides, among the doping modification elements, rare
earth elements have been tested to be a superior choice for
doping into layered lithium-rich materials due to the high sta-
bility under harsh environmental conditions of attacks by
moisture or chemical reactions [17]. For example, when Y3+

was doped into Li[Li0.20Mn0.534Ni0.133Co0.133]O2 via co-
precipitation method, Li[Li0.20Mn0.534Ni0.133Co0.133-xYx]O2

(x = 0.00665) delivered a specific discharge capacity of
225.2 mAh g−1 after 80 cycles with a current rate of 0.1 C
between 2.0 and 4.6 V vs Li/Li+, while the unsubstituted
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material Li[Li0.20Mn0.534Ni0.133Co0.133]O2 only retained
163.6 mAh g−1 [18]. Based on the above discussion, YF3 will
be an attractive modification material to cover on the surface
of the layered lithium-rich cathode particles.

In the work, the pristine Li1.2Mn0.54Ni0.13Co0.13O2 was
synthesized via using carbonate co-precipitation method.
And then a common wet chemical approach was employed
to cover the Li1.2Mn0.54Ni0.13Co0.13O2 nanoparticles with the
thin Ytterbium fluoride (YF3) layer. The surface morphology,
microstructural, and electrochemical performance were inves-
tigated to evaluate the influence of different YF3 coating
amount on the surface of Li1.2Mn0.54Ni0.13Co0.13O2 cathode.

Experimental

Material preparation

The precursor [Mn0.54Ni0.13Co0.13](CO3)0.8 powders was pre-
pared via using carbonate co-precipitation method [13], that
is, the Na2CO3 solution was used to precipitate the NiSO4,
CoSO4, and MnSO4 solutions uniformly. And then a homo-
geneous mixture containing the stoichiometric amount of
[Mn0.54Ni0.13Co0.13](CO3)0.8 and an excess 3 wt.% amount

of LiOH·H2O was pre-heated at 500 °C for 5 h and sintered
at 950 °C for 12 h to obtain the target product
Li1.2Mn0.54Ni0.13Co0.13O2 (LMNCO).

The YF3-coated Li1.2Mn0.54Ni0.13Co0.13O2 cathode was
prepared via using wet chemical approach as follows: (1) the
pristine Li1.2Mn0.54Ni0.13Co0.13O2 powders were homoge-
neously dispersed into the Y(NO3)3 solution with continuous
stirring, followed by the slow addition of stoichiometric
amount of NH4F solution; (2) the obtained suspension solu-
tion was dried in vacuum at 100 °C, followed by a slow evap-
oration of solvent; (3) the prepared powders were calcined at
400 °C for 4 h in a flowing N2 to get the YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 powder. While the contents of
YF3 in the pristine cathode varied from 1, 2, and 3 wt.%, that
is 1 wt.%YF3-coated Li1.2Mn0.54Ni0.13Co0.13O2 (1wt.%YF3-
LMNCO), 2 wt.% YF3-coated Li1.2Mn0.54Ni0.13Co0.13O2

(2 wt.% YF3-LMNCO), and 3 wt.% YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 (3 wt.% YF3-LMNCO).

Material characterization

The micro-structures of the pristine and YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 were measured by X-ray diffrac-
tion (XRD) using Bruker D8 Advance X-ray diffractometer
with Cu Kα radiation in the 2θ range of 10°~80°. The mor-
phologies of synthesized materials were characterized by
using scanning electron microscopy (FE-SEM, JSM-7001F,
JEOL) coupled with an energy dispersive spectrum X-ray de-
tector (EDS) to analyze the element composition. More dis-
tinct morphologies were compared by transmission electron
microscope (TEM, JEOL JEM 2010).

Electrochemical characterization

Electrochemical properties of the pristine and YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 samples were characterized by using
CR2025 coin cell. Cell was consisted of as-prepared cathode,
metallic Li foil anode, and Celgard 2320membrane. The cathode
was prepared as follows: a mixture containing 75 wt.% the pris-
tine and YF3-coated Li1.2Mn0.54Ni0.13Co0.13O2 materials,
15 wt.% Super P conductive additive and 10 wt.%
polyvinylidene fluoride was stirred in 1-methyl-2-pyrrolidone
solvent to form the cathode slurry. Then, the slurry was cast on

Fig. 1 XRD patterns of Li1.2Mn0.54Ni0.13Co0.13O2 samples before and
after YF3 surface coating

Table 1 Values of I(003)/I(104) and
lattice parameter of
Li1.2Mn0.54Ni0.13Co0.13O2

samples before and after YF3
surface coating

Sample a (Å) c (Å) c/a R = I(003)/I(104)

pristine LMNCO 2.853 14.220 4.984 1.520

1wt.%YF3-LMNCO 2.852 14.228 4.989 1.780

2 wt.% YF3-LMNCO 2.853 14.236 4.990 1.790

3 wt.% YF3-LMNCO 2.858 14.274 4.994 1.750
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Al foil, followed by being cut into circular disk with d = 12 mm,
that is the final cathode. The CR2025 cells were packaged in
glove box filled with argon, while the LiPF6 (1 M) in EC/
DMC (a mass ratio of 1:1) was served as electrolyte. The
Electrochemical properties were evaluated on LAND CT-
2001A instrument at 25 °C. The CHI660Dworkstation was used
to measure the electrochemical impedance spectroscopy (a fre-
quency range from 0.01 Hz to 100 kHz and perturbation ampli-
tude of 5 mV) and the cyclic voltammogram (a voltage range
from 2.0 to 4.8 V with a scanning rate of 0.1 mV s−1).

Results and discussion

The XRD patterns of Li1.2Mn0.54Ni0.13Co0.13O2 samples be-
fore and after the YF3 surface coating are shown in Fig. 1. All
the diffraction peaks of synthesized samples correspond to α-

NaFeO2 hexagonal structure with a space group of R-3 m,
except for the weak peaks between 20° and 25°, identified
as LiMn6 cation arrangement in the transition metal layer with
the monoclinic unit cell C2/m [18, 19]. The four samples all
show that the adjacent peaks of (006)/(102) and (018)/(110)
separate clearly, indicating that the well-layered structure with
a good crystallinity is formed [20]. Besides, all the diffraction
peaks of after YF3 surface coating samples are similar to the
pristine one and no peaks corresponding to the YF3 are dis-
covered owing to the poor crystallinity or low coating amount
of YF3. Table 1 shows the value of I(003)/I(104) and lattice
parameter of Li1.2Mn0.54Ni0.13Co0.13O2 samples before and
after YF3 surface coating. The integrated ratio of I(003)/I(104)
(R) peaks in XRD patterns is regarded as a measurement of the
cation-mixing, especially a value of R > 1.2 is an indicator of
desirable cation-mixing between Li+ and Ni2+ [21]. With the
YF3 surface coating content increasing, the intensity ratios of
I(003)/I(104) are 1.520, 1.780, 1.790, and 1.750, respectively,

Fig. 2 SEM images of the
Li1.2Mn0.54Ni0.13Co0.13O2 before
(a) and after the surface coating
with 1wt.%YF3 (b), 2wt.%YF3
(c), and 3wt.%YF3 (d). EDS
spectra of 2 wt.% YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 (e)
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implying that the low cation mixing is formed in the synthe-
sized samples. The higher value of I(003)/I(104) ratio for the
surface coating samples maybe related to the partial substitu-
tion of Y3+ from YF3 into the layered lattice of cathode [22].
And the Y3+ can partially substitute Co3+ in transition metal
layer and also cause the increase of parameter c [23, 24].
When the c lattice parameter increases, the diffraction inten-
sity of (003) peak can also enhance, resulting in the larger

value of I(003)/I(104) ratio. Meanwhile, the value of c/a is relat-
ed to the stability of layered structure [25]. The four samples
all deliver a high value of c/a (larger than 4.90), indicating that
they have formed stable layer structure.

F i g u r e 2 s h o w s t h e S EM im a g e s o f t h e
Li1.2Mn0.54Ni0.13Co0.13O2 before and after the YF3 surface
coating. All samples present similar spherical secondary par-
ticles with particle size from 3 to 5 μm, which are composed
of numerous primary particles. With the YF3 coating content
increasing, the surface of synthesized samples appears more
rough due to some micro-size particles adhered to the bulk of
LMNCO, which perhaps correspond to the YF3 coating ma-
terial. Figure 2e shows the EDS spectra of 2 wt.% YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 sample, and the detection of F and
Yelement has demonstrated the existence of YF3 surface coat-
ing layer. Figure 3 shows the TEM image of pristine
Li1 .2Mn0.54Ni0 .13Co0.13O2 and 2wt.%YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 sample. In comparison with the
pristine LMNCO, the surface of YF3-coated LMNCO parti-
cles has been covered by the YF3 layer with a thickness from
10 to 30 nm, while the pristine particle shows a smooth edge
lines without other surface adhesive materials. Figure 3c
shows the HR-TEM image of 2wt .%YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 particles. The distinct lattice
fringes can be observed in the Li1.2Mn0.54Ni0.13Co0.13O2 bulk.
In addition, it can be calculated that the interplanar distance of
the lattice fringes is 0.47 nm, which is indexed to the (003)

Fig. 3 TEM image of pristine
Li1.2Mn0.54Ni0.13Co0.13O2 (a),
2 wt.% YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 (b),
HRTEM image of 2wt.%YF3-
coated Li1.2Mn0.54Ni0.13Co0.13O2

(c)

Fig. 4 Initial charge and discharge profiles of Li1.2Mn0.54Ni0.13Co0.13O2

samples before and after YF3 surface coating from 2.0 to 4.8 Vat 0.1 C rate
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crystal plane of the hexagonal layered phase, implying the
intact hexagonal ordering structure after surface modification
for 2wt.%YF3-coated Li1.2Mn0.54Ni0.13Co0.13O2. And no lat-
tice fringes corresponding to YF3 can be detected on the sur-
face region, indicating that the YF3 layer shows an amorphous
phase on the sample surface. Based on the above discussion,
the pristine LMNCO particles have indeed covered by a thin
YF3 layer.

The in i t i a l cha rge and d i scha rge pro f i l e s o f
Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3 sur-
face coating from 2.0 to 4.8 Vat 0.1 C rate (1 C = 250mA g−1)
are shown in Fig. 4. Two typical steps can be observed for the
synthesized samples during the initial charge process. The
charge voltage range of first step is from 2.0 to 4.5 V, corre-
sponding to the Li+-extraction from the structure of space

group R-3m, along with the oxidation of Ni2+ to Ni4+ and
Co3+ to Co4+ [26]. The charge voltage platform of second step
is at 4.55 V, meaning the activation of the Li2MnO3 phase.
The lithium-ion extract from the Li2MnO3 component irre-
versibly, resulting in a large irreversible capacity loss during
the initial cycle [27]. Table 2 demonstrates the initial charge-
discharge data of Li1.2Mn0.54Ni0.13Co0.13O2 samples before
and after YF3 surface coating. The initial discharge capacities,
respectively, are 260.3270.3 and 267.3 mAh g−1 for YF3-coat-
ed LMNCO electrodes with 1, 2, and 3 wt.% coating contents,
larger than that (254.7 mAh g−1) of the pristine LMNCO.
Besides, the YF3 coating layer also decreases the initial irre-
versible capacity loss of cathode materials. And when the YF3
coating amount increases, the four samples severally exhibit
the initial coulombic efficiency of about 72.2, 74.4, 78.5, and
75.2%. The main reason for the improvement maybe that the
substitution of F− for O2− from YF3 coating layer changes the
electronic environment and prohibits the mobility or release of
oxygen ions from Li2MnO3 component [28].

Figure 5 shows the cycl ing performance of
Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3
surface coating at 0.5 C rate in the voltage range of
2.0–4.6 V. Compared with the pristine LMNCO, the sam-
ples after YF3 surface coating obviously show a better
cycling performance. Among the four samples, the
2wt.%YF3-coated LMNCO demonstrates the greatest cy-
cling stability. Table 3 shows the capacity retention and
discharge capacity of Li1.2Mn0.54Ni0.13Co0.13O2 samples
before and after YF3 surface coating. When the YF3 coat-
ing amount increases, the discharge capacities of
Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3
sur face coa t ing are 199.3 , 204.5 , 213.1 , and
208.8 mAh g−1 at the initial cycle, respectively. After

Fig. 5 Cycling performance of Li1.2Mn0.54Ni0.13Co0.13O2 samples before
and after YF3 surface coating at 0.5 C rate in the voltage range of 2.0–4.6 V

Table 2 Initial charge-discharge
data of Li1.2Mn0.54Ni0.13Co0.13O2

samples before and after YF3
surface coating at 0.1 C rate in the
voltage range of 2.0–4.8 V

Sample Specific charge
capacity (mAh g−1)

Specific discharge
capacity (mAh g−1)

Irreversible capacity
loss (mAh g−1)

Coulombic
efficiency (%)

pristine LMNCO 353.0 254.7 98.3 72.2

1wt.%YF3-LMNCO 350.1 260.3 89.8 74.4

2 wt.% YF3-LMNCO 344.5 270.3 74.2 78.5

3 wt.% YF3-LMNCO 355.5 267.3 88.2 75.2

Table 3 Capacity retention and
discharge capacity of
Li1.2Mn0.54Ni0.13Co0.13O2

samples before and after YF3
surface coating at 0.5 C rate in the
voltage range of 2.0–4.6 V

Sample Initial discharge specific
capacity (mAh g−1)

100th specific discharge
capacity (mAh g−1`)

100 cycles capacity
retention (%)

pristine LMNCO 199.3 169.1 84.8

1wt.%YF3-LMNCO 204.5 180.3 88.2

2 wt.% YF3-LMNCO 213.1 196.4 92.2

3 wt.% YF3-LMNCO 208.8 188.3 90.2
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100 cycles, the discharge capacities of the pristine
LMNCO as well as 1, 2, and 3 wt.% YF3-LMNCO are
169.1, 180.3, 196.4, and 188.3 mAh g−1, respectively,
corresponding that the capacity retentions firstly increase
from 84.8% to 88.2% and 92.2%, and then decrease to
90.2%. It indicates that the capacity retentions of YF3-

coated LMNCO samples are much higher than those of
the pristine one. Besides, Fig. 6 shows the discharge pro-
files of Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after
YF3 surface coating in the 1st, 20th, 50th, and 100th
cycles at 0.5 C rate. With cycle going on, it can be ob-
served that the discharge profiles shift to lower voltage
plateaus for all electrodes (as indicated by the arrow),
implying the increase of polarization with cycles. It can
be calculated that the difference values of discharge mid-
point voltage (ΔV) between 1st and 100th cycle are 0.24,
0.18, 0.16, and 0.19 V, respectively. The YF3-coated
LMNCO samples deliver the smaller voltage decay than
that of pristine one during cycling. The outstanding cy-
cling performance and the smaller voltage decay for
YF3-coated LMNCO samples have testified that YF3 thin
film could effectively restrict the side reaction between
cathode materials and electrolyte, followed by protecting
cathode materials from erosion by the electrolyte by-
products during cycling. However, when the YF3 coating
content exceeds 2 wt.%, the cycling performance of YF3-
coated LMNCO sample will worsen due to the poor elec-
trical conductivity of the thick surface YF3 layer [29].

F i g u r e 7 s h o w s t h e r a t e c a p a b i l i t y o f
Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3

Fig. 6 Discharge profiles of Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3 surface coating in the 1st, 20th, 50
th, and 100th cycles at 0.5 C rate

Fig. 7 Rate capability of Li1.2Mn0.54Ni0.13Co0.13O2 samples before and
after YF3 surface coating at rates of 0.1, 0.2, 0.5, 1, 2, and 5 C in sequence
for each 5 cycles
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surface coating at rates of 0.1, 0.2, 0.5, 1, 2, and 5 C in se-
quence for each 5 cycles. It can be observed that the YF3-
coated samples deliver a better rate capability than that of
the pristine one. Besides, the applied current density increases;
the superiority gap of rate capability becomes larger. Table 4
presents the discharge capacity of Li1.2Mn0.54Ni0.13Co0.13O2

samples before and after YF3 surface coating at various

current densities. Among the four samples, the 2wt.%YF3-
coated LMNCO demonstrates a prime rate capacity. When
the current rate increases to 5 C, the 2wt.%YF3-coated
LMNCO can deliver 116.6 mAh g−1, much larger than that
(95.6 mAh g−1) of the pristine one. The prioritized rate capa-
bility can be ascribed that the existence of YF3 coating layer
has restrained the thickening of SEI film and accelerated the

Table 4 Discharge capacity of Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3 surface coating at various current densities in the voltage range
of 2.0–4.6 V

sample 0.1 C rate
(mAh g−1)

0.2 C rate
(mAh g−1)

0.5 C rate
(mAh g−1)

1 C rate
(mAh g−1)

2 C rate
(mAh g−1)

5 C rate
(mAh g−1)

follow-up 0.1 C rate
(mAh g−1)

pristine LMNCO 250.3 225.9 179.6 155.1 131.8 95.6 230.3

1wt.%YF3-LMNCO 255.0 241.4 193.3 164 136.6 97.1 246.7

2 wt.% YF3-LMNCO 269.5 247.9 207.5 181.6 155.4 116.6 266.5

3 wt.% YF3-LMNCO 262.5 243.7 197.1 170.0 142.7 109.7 260.2

Fig. 8 Nyquist plots of Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3 surface coating at a charge state of 4.6 V in different cycles and the
equivalent circuit (e)

Ionics (2017) 23:1365–1374 1371



rate of Li+ diffusion during cycling process [30]. Meanwhile,
when cycled back at 0.1 C rate, a discharge capacity of
266.5 mAh g−1 is obtained for the 2wt.%YF3-coated
LMNCO, corresponding to a capacity recovery of 98.9%,
while the pristine LMNCO only delivers a capacity recovery
of 92.0%. This result implies that the YF3 thin film can pro-
mote the reversibility of Li+ intercalation and deintercalation
in SEI film [31].

It is generally known that the electrochemical properties of
cathode are closely related to the electrochemical impedance.
Therefore, the electrochemical impedance spectroscopy (EIS)
for Li1.2Mn0.54Ni0.13Co0.13O2 samples before and after YF3
surface coating is measured, as seen in Fig. 8. And the
Fig. 8e provides the corresponding equivalent circuit to calcu-
late and analyze a quantitative result. All the Nyquist plots
contain three parts as follows: a semicircle in the high frequen-
cy, a semicircle in the high to medium frequency, and a quasi-
straight line in the low frequency, which respectively represent
the impedance of Li+ migration at the electrode/electrolyte
interface (Rsf and CPEsf), the impedance of charge transfer
(Rct and CPEdl), and the impedance of Li-ion migration in
the cathode (W), while Rs refers to the ohmic resistance of
the cell [11]. According to corresponding equivalent circuit,
the values of Rs, Rsf, and Rct can be acquired by fitting
ZSimpWin software, as is shown in Table 5. The side reaction
between the cathode and electrolyte can generate some by-
product, which will deposit at the electrode/electrolyte

interface to form the solid electrolyte interface (SEI) film.
The SEI film will become thick during the cycling, corre-
sponding to the enhancement of Rsf value [32]. With the cy-
cles going, it can be seen that the value of △Rsf for the pristine
LMNCO is larger than that of the YF3-coated LMNCO sam-
ples. The pristine LMNCO delivers an increasing value of Rsf
from 210.0 to 295.3Ω after 30 cycles, while the values of △Rsf
are 66.3, 41.2, and 61.2Ω for YF3-coated LMNCO electrodes
with 1, 2, and 3 wt.% coating contents, respectively.
Therefore, the poor rate capacity and cycling performance of
pristine LMNCO can be ascribed the rapid increase of imped-
ance for Li-ion diffusion in the SEI film.

To further investigate the redox reaction occurring during
charge and discharge process, the cyclic voltammograms
( CV ) o f t h e p r i s t i n e a n d 2w t .%YF 3 - c o a t e d
Li1.2Mn0.54Ni0.13Co0.13]O2 electrodes have been measured in
Fig. 9. The anodic and cathodic peaks presented in the CV
curves are related to the phase transitions of electrode, simul-
taneously with the processes of Li+ intercalation and
deintercalation. Both CV curves demonstrate two anodic
peaks located at 4.2 and 4.55 V during the initial cycle, cor-
responding to the oxidation of Ni2+ and Co3+ and the irrevers-
ible extraction of Li+ fromLi2MnO3 phase, respectively. It can
be seen that the peaks located at 4.55 Vare missing in the 2nd
and 3rd cycles due to the irreversible electrochemical reaction
of Li2MnO3 component [33]. The cathodic peak located at
3.8 V observed in the discharge profile is related to the

Table 5 Values of Rs, Rf, and Rct

for Li1.2Mn0.54Ni0.13Co0.13O2

samples before and after YF3
surface coating at 4.6 V after
different cycles

Sample Cycle number Rs (Ω) Rsf (Ω) Rct(Ω) △Rsf(Ω)

pristine LMNCO 1th 10.2 210.0 16.1 85.3
30th 11.3 295.3 16.5

1 wt.% YF3-LMNCO 1th 8.3 182.2 13.1 66.3
30th 8.5 248.5 14.5

2 wt.% YF3-LMNCO 1th 7.3 145.1 12.3 41.2
30th 8.4 186.3 14.5

3 wt.% YF3-LMNCO 1th 8.1 158.2 14.2 61.2
30th 8.8 220.4 15.5

Fig. 9 Cyclic voltammograms of
pristine
Li1.2Mn0.54Ni0.13Co0.13O2 (a),
2 wt.% YF3-coated
Li1.2Mn0.54Ni0.13Co0.13O2 (b)
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reduction reaction of Ni4+ to Ni2+ followed by Co4+ to Co3+.
Besides, the cathodic peak located at 3.3 V presented in the
2nd and 3rd cycles corresponds to the reduction of Mn4+ to
Mn3+ in the layered MnO2 component and the transformation
of cathode from layer structure to spinel structure [34]. A
gentle cathodic peak located at 3.3 V for 2wt.%YF3-coated
LMNCO electrode is observed, while the pristine LMNCO
shows a keen-edged peak at 3.3 V, meaning that the thin
YF3 film could restrain the structure transformation of cathode
during the charge and discharge process. Furthermore, the
2wt.%YF3-coated LMNCO demonstrates more overlapping
CV curves than that of pristine one. It implies that YF3 coating
layer promotes the reversibility of the electrochemical redox
for cathode [35].

To sum up, the YF3 coating layer has a great influence
on the electrochemical properties of cathode material,
including initial Coulombic efficiency, high-rate capabil-
ity, and cycling performance. However, the YF3 coating
content on the surface of pristine sample should be
optimized.

Conclusions

The layered lithium-rich materials Li1.2Mn0.54Ni0.13Co0.13O2

are synthesized via using the carbonate co-precipitation meth-
od. Subsequently, the YF3 layer with different coating con-
tents is used to modify the surface of the pristine
Li1.2Mn0.54Ni0.13Co0.13O2 sample. TEM and EDS show that
the surface of 2wt.%YF3-coated LMNCO is successfully cov-
ered by the thin YF3 layer with the thickness of 10~30 nm.
Compared with the pristine LMNCO, the YF3-coated
LMNCO samples deliver the improved electrochemical prop-
erties. Within the amount of 0~3 wt.%, the 2 wt.%YF3-coated
LMNCO demonstrates the optimized cycle stability and high-
rate capability due to the lowest impedance of Li+ migration at
the electrode/electrolyte interface. The 2wt.%YF3-coated
LMNCO delivers a discharge capacity of 116.6 mAh g−1 at
5 C rate, much larger than that (95.6 mAh g−1) of the pristine
one. And after 100 cycles, the high capacity retention of
92.2% is obtained for the 2wt.%YF3-coated LMNCO, while
the pristine LMNCO only possesses 84.8%. Therefore, sur-
face modification with YF3 is an effective method to solve the
drawbacks of layered lithium-rich materials for the practical
application.
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