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1 Introduction

ABSTRACT

To achieve lithium-ion batteries with high energy and power density, it is
necessary to develop alternative high-capacity cathode materials for traditional
LiCoO; or LiFePOy, such as lithium-rich manganese-based cathode materials.
However, there are still some practical problems that Li-rich materials need to
be further improved, such as structure transformation issue and poor rate
capability. Here, the modification of Li[Lip,Nig>MngelO, cathode material by
lithium-ion conductor (Li;ZrO;) has been achieved by a sol-gel method, and the
optimization mechanism is preliminarily explored. The first charge/discharge
specific capacities of the modified material coated with 1 wt.% Li,ZrO5 can reach
272.1 and 196.1 mAh g~ ' at 0.5 C, which are obviously higher than those of the
pristine material. The rate capability has also been improved at 2 C and 5 C. As
a fast lithium-ion conductor with good chemical stability, Li,ZrO; material can
form a continuous and uniform coating layer on the surface of active particles,
which can inhibit the side reaction between the electrolyte and the electrode
material, effectively prevent the corrosion of cathode material by HF attack, and
reduce electrode polarization at high rates, leading to the improvement of the
specific capacity and the structure stability of Li-rich material.

electronic products, traffic power supply and large-
scale power storage due to the advantages of rela-
tively safe, high capacity, high monomer voltage,

In recent years, with the gradual expansion of the
electric vehicles field, the secondary batteries in en-
ergy storage battery industry has developed rapidly.
Lithium-ion batteries have been widely applied in
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long cycle life and no memory effect.

To achieve a higher energy density, Li-rich man-
ganese-based cathode materials [1-3] have attracted
widespread attention because of high capacity, high
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voltage platform and low cost. They are usually
represented by xLi-MnO;-(1-x)LIMO, (0 <x <1,
M = Ni, Co, Mn, Fe, etc.), and the molecular formula
can also be written as Li[Li,M;_,]O,. However, there
are still some knotty problems to be solved in the
practical application of Li-rich materials, such as the
high first irreversible capacity loss, oxygen release
and structural transformation. These issues are rela-
ted to more side reactions under high operating
voltage (> 4.5 V), the corrosion of the electrode
material by HF generated from the decomposition of
the electrolyte, and the electrode polarization, leading
to the structure instability and reduced capacity.

Several studies have proved that surface coating is
an effective modification method to improve the
electrochemical performance of cathode materials
[1, 4, 5]. Surface coating layer can inhibit the side
reaction and improve the stability of the electrodes.
Metal oxides and metal fluoride, such as Al,Ojz, TiO,,
and AlF; [6-9], are often used as coating materials. In
recent years, fast ion conductors, such as LizPO, [10],
Li,TiO; [11], LizVOy [12], and Li,ZrO; [13, 14], have
attracted much attention as coating materials due to
they are chemically inert materials with good chem-
ical stability. Among them, Li,ZrO; as a surface
coating material has been successfully applied in a
variety of cathode materials, and achieved remark-
able results. However, there are few studies on Li,_
ZrO; coated Li-rich materials [15-18]. Moreover, the
focus of these limited studies is to improve the elec-
trochemical properties of Li-rich materials, but the
corresponding modification mechanism is not clear
enough, such as how Li,ZrO; coating material affects
the surface morphology or electrode polarization.

In this paper, typical Li-rich material Li[Lij,Nig -
Mnyg 6]O; has been successfully modified by Li,ZrO;
by a sol-gel method. The properties of the materials
modified with different ratios of Li,ZrOs; have been
discussed including the crystal structure information,
surface morphology, and electrochemical properties.
Based on electrochemical impedance spectroscopy
analysis and cyclic voltammetry, the optimization
mechanism of Li,ZrOs;-modified Li[Liy,Nig-Mng]O»
has also been preliminarily speculated.
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2 Materials and methods
2.1 Materials synthesis

The preparation process of the materials is displayed
in Scheme 1. CH5;COOLi-2H,0, Ni(CH;COO),-4H,0,
Mn(CH;COO),-4H,0, citric acid (C¢gHgO,-H,0O) and
ammonia (NH3-H,O) were used as raw materials for
preparing Li[Lij,Nip>Mng¢]O, by a sol-gel method.
The mixture of lithium acetate (lithium source excess
5%) and citric acid dissolved in deionized water was
named as solution A and the mixture of nickel acetate
and manganese acetate dissolved in deionized water
was named as solution B. After solution B was added
dropwise to solution A, the resulting mixture was
continuously stirred to be a homogeneous sol solu-
tion. NH3-H,O was employed to adjust the pH of the
mixture solution to 7 ~ 8. Then, the mixture solution
was heated at 80 °C on the magnetic stirrer to form a
gel. After the gel was dried at 200 °C overnight in a
vacuum oven, it was evenly ground and placed in a
muffle furnace for pre-calcination at 400 °C for 4 h
with a heating rate of 4 °C min~ '. After grinding the
obtained precursor material uniformly, it was cal-
cined in a muffle furnace at 900 °C for 10 h with a
heating rate of 4 °C min~ ' to obtain the pristine
material Li[Lio'zNio‘zMno_(,]Oz.

Based on the pristine sample, Li,ZrOs;-modified
samples were prepared by aqueous solution method.
ZrO(NO3), and CH3COOLi-2H,O were dissolved in
absolute ethanol in a certain proportion, and the
excess of lithium source was 5%. The mixed solution
was treated with ultrasonic for 30 min, then added
with a certain proportion of pristine material
Li[Lig»Nig»Mng¢]O,, and then ultrasonic for another
30 min. The resulting mixed solution was stirred in a
water bath at 80 °C with a magnetic stirrer until the
solvent was completely evaporated. The dried mix-
ture was taken out and ground evenly, placed in a
crucible, and then calcined in a muffle furnace at 650
°C for 5 h with a heating rate of 5 °C min~ ! The
modified samples were obtained by grinding the
powder evenly. The coating amount was adjusted by
controlling the ratio of ZrO(NOj3), and Li[Lig»Nig -
Mng 6]O,. The samples with different coating amount
of 0 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.%, were named
as NM-0, NM-0.5, NM-1.0, and NM-2, respectively.
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Scheme 1 Preparation process of the pristine material and modified materials

2.2 Materials characterizations

The crystalline structure of the prepared materials
was tested using X-ray diffraction (XRD; Bruker,
DSADVANCE) with a Cu Ko radiation source. Data
were collected with a step size of 4° min~ ' in a 20
range of 10°-90°. The morphology of the prepared
powders was observed by a field emission scanning
electron microscope (FESEM, Hitachi SU8010). The
surface morphology at high magnification of the
samples was observed by transmission electron
microscope (TEM, JEOL JEM-2100). The chemical
states of metal elements were detected by X-ray
photoelectron spectrometer (XPS, Thermo Scientific
ESCALAB Xi+).

2.3 Electrochemical tests

To prepare the electrodes, the prepared powder,
acetylene black, and polyvinylidene fluoride (PVDF)
were used as active material, conductor agent, and
binder, respectively. The above raw materials were
mixed with a weight ratio of 8:1:1 using N-methyl-2-
pyrrolidone (NMP) as solvent to obtain uniform
slurry. The slurry was coated onto the aluminum foil
collector and dried overnight in vacuum at 80 °C. The
dried electrode sheet was sliced to obtain a circular
electrode sheet with a diameter of 11 mm. The button
cells (CR 2025) were assembled in a glove box filled
by argon. The prepared circular electrode was used
as working electrode, Celgard 2400 was used as
separator, and lithium foil was used as counter

electrode and reference electrode. The electrolyte
employed 1 mol L™ ! LiPF, dissolved in organic
mixed solvent (EC-DMC, 1:1).

The constant current charge—discharge tests were
conducted on the cells in the voltage range of 2 V—4.8
V with different rates (1 C = 20 mA g~ ') using Land
battery test system (CT2001A, Wuhan, China). Cyclic
voltammograms were obtained by electrochemical
workstation (CHI660E, Chenhua, Shanghai, China) at
a scanning rate of 0.2 mV s~ ! between 2 V and 4.8 V.
Electrochemical impedance spectroscopy was also
measured through the electrochemical workstation in
a frequency range of 10°~10~ > Hz with an AC per-
turbation signal of 5 mV.

3 Results and discussion
3.1 XRD structural characterization

XRD patterns of the prepared powders are shown in
Fig. 1 to analyze the crystal structure information. All
the samples have good crystallinity, and show the
characteristic peaks of monoclinic Li,MnO; (C2/m
structure) phase in lithium-rich materials in the range
of 20-23° [19].The other diffraction peaks belong to
the hexagonal layered o-NaFeO, crystal structure
with a space group of R3m. The position and inten-
sity of diffraction peaks of the modified samples have
not changed significantly, indicating that the intro-
duction of surface material had little effect on the
crystal structure of bulk material. The high intensity
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Fig. 1 XRD patterns of the prepared powders with different
coating amounts

ratio of (003)/(104) can demonstrate a low cation
mixing and good layered structure of Li-rich material
[20]. After calculation, NM-1 shows the highest peak
intensity ratio of (003)/(104) and its electrochemical
performances are expected to be better than the other
samples. In addition, no characteristic peaks of Li,.
Z1rQOj; are found in the XRD patterns of the modified
samples, which may be due to the low content of
Lip,ZrOs.

3.2 SEM images

Figure 2 shows SEM images of the prepared samples
to compare the morphology. It can be seen that all the
prepared samples exhibit typical morphology char-
acteristics of the synthesized materials by sol-gel
method. The prepared four powders have irregular
spherical particles with the size of 100 ~ 200 nm,
and there are some agglomeration and adhesion
phenomenon. Some differences can be observed in
the surface morphology between the pristine material
and the modified material. The surface of the pristine
material is very smooth, while the surface of the
modified sample becomes rougher with the increase
of the coating amount. Some small particles can be
observed on the surface of modified particles.
Therefore, we preliminarily speculate that Li,ZrO;
has been successfully introduced onto the surface of
Li[Lig 2Nip2Mng ¢]O».
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3.3 TEM images

TEM images in Fig. 3 further shows the surface
morphology characteristics of each prepared mate-
rial. The surface of the pristine material in Fig. 3a is
very smooth and there are no small particles covering
the surface. However, the surface of the modified
materials show different degrees of granular sensa-
tion. In Fig. 3b, some small particles surround the
surface of NM-0.5 sample, but these particles do not
form a uniform coating layer, which may be due to
the small amount of coating material. When the
coating amount increases, a continuous coating layer
is formed on the surface of NM-1 sample, as shown in
Fig. 3c. However, when the coating amount is too
much, the surface of NM-2 sample in Fig. 3d no
longer presents continuous and uniform coating
layer, and some small and dispersed particles with
high crystallinity appear on the surface. The surface
change process of the active particle with different
coating amount are illustrated in Fig. 3e. Generally
speaking, continuous surface coating layer can better
protect the active substances in the electrode mate-
rials, reduce the side reaction caused by the contact
between the active substances and the electrolyte,
and reduce the attack of HF generated by electrolyte
decomposition on the active materials, so as to
improve the electrochemical performance of the
electrode.

The chemical states of Mn, Ni and Zr in NM-0 and
NM-1 samples have been measured by XPS. In Fig. 4,
it can be seen that the chemical states of Ni and Mn
do not change after coating. The Ni 2p;,, peak at
854.6 eV with a satellite peak at 860.7 eV is ascribed
to Ni*" species.[15] The Mn 2p3,, peak at 642.4 eV in
the two samples is attributed to Mn**+ species.[2, 15]
In addition, two strong peaks at 181.9 eV and
184.3 eV observed in Fig. 4f correspond to the typical
Zr 3d3,, and Zr 3ds5,, peaks in Li,ZrOj3, indicating the
presence of Zr (4 4) in the coating layer.[21, 22].

3.4 Electrochemical performances

Figure 5 exhibits the first charge/discharge curves of
the four electrodes at 0.5 C. Obviously, all the four
electrodes exhibit similar charge-discharge curves.
The diagonal platform below 4.5 V corresponds to the
extraction of lithium ions from the lithium layer, and
this process is also the process in which Ni*" is oxi-
dized to Ni**. The long plateau at about 4.5 V is a
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Fig. 2 SEM images of the
prepared powders with
different coating amounts:

a NM-0; b NM-0.5; ¢ NM-1;
d NM-2

typical feature of the first charge curve of Li-rich
materials, which corresponds to the activation of
Li,MnO; phase. In this process, lithium ions are
extracted from the transition metal layer in the form
of LiO, accompanied by the irreversible release of
oxygen [23]. In Fig. 5, NM-1 shows the highest charge
capacity of 272.1 mAh g~ ' and the highest discharge
capacity of 196.1 mAh g~ ' among the four elec-
trodes. The results indicate that the charge/discharge
capacity of Li-rich materials can be effectively
enhanced by appropriate Li,ZrOj; coating, which may
be due to the fact that the surface coating layer can
protect the surface of active particles to a certain
extent.

Figure 5b, ¢ shows the cycling performances of
NM-0 and NM-1 at different rates. After 100 cycles at
0.5 C, NM-1 achieves a high reversible capacity of
182.6 mAh g~ ' and a high-capacity retention of 94 %.
After 200 cycles at 2 C, the reversible capacity of NM-
1is 107.7 mAh g~ ', which is also higher than that of
NM-0. At 2 C, the capacity retention of NM-1 is 95 %,
while the capacity retention of NM-0 is 74 %. Clearly,
NM-1 exhibits better cycling stability than NM-0 at
0.5 C and 2 C, benefiting from the protective effect of
the coating layer, which can inhibit the corrosion of
active particles and maintain the structural stability
of the material. Figure 5d compares the rate perfor-
mance of the electrodes. All the electrodes are first
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activated at a low rate of 0.1 C for 10 cycles, then
cycled at each rate of 0.5 C, 2 C and 5 C for 10 cycles,
and finally returned to 0.1 C for 10 cycles. The dis-
charge capacity of the electrode gradually decreases
with the increase of discharge rate, which is because
the increase of current leads to the increase of internal
polarization of the battery. The uncoated sample
(NM-0) has high discharge specific capacities of 210
mAh g~ ' at 0.1 C and 170 mAh g ' at 05C,
respectively, which are only lower than those of NM-
1 sample. However, the discharge specific capacities
of NM-0 sample decrease more severely when
cycling at the rates of 2 C and 5 C, which are obvi-
ously lower than those of the other modified mate-
rials. This may be due to the formation of a thick SEM
layer on the surface of NM-0 electrode at a high
current, which increases the resistance of the elec-
trode and makes the capacity of the electrode decline
faster at a high rate. The rate capability of the mod-
ified samples are significantly improved at 2 C and
5 C, especially NM-1 sample. The discharge specific
capacities of NM-1 sample are 250 mAh g~ ' and 75
mAh g~ ' when the discharge rate are 0.1 C and 5 C,
respectively. When the electrode is returned to 0.1 C
for cycling, the capacity of NM-1 sample is signifi-
cantly higher than that of the other samples, and is
almost the same as that of the NM-1 sample when
activated at 0.1 C. These above results indicate that

@ Springer
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Fig. 3 TEM images of the prepared powders of a NM-0, b NM-0.5, ¢ NM-1, and d NM-2, and e the corresponding surface change

process of active particle

NM-1 sample can withstand repeated charge and
discharge process under high current, and can keep
stable of the material structure. Therefore, it can be
concluded that the appropriate Li,ZrOj; coating layer
can inhibit the formation of thick SEI film under high
current, and increase the structural stability of the Li-

@ Springer

rich material, so as to effectively improve the rate
capability of electrode material.

Cyclic voltammograms for the first three cycles of
the electrodes prepared by NM-0 and NM-1 in
Fig. 6a, b reveals the redox behavior in the electro-
chemical reaction. During the first charging process,
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the oxidation peak below 4.25 V corresponds to the
oxidation of Ni** to Ni** or Ni**. In addition, the
oxidation peak above 4.5 V belongs to the process of
lithium extraction and oxygen release in the form of
Li,O, accompanied by the activation of Li,MnOj;
phase. NM-0 electrode still has a small oxidation
peak above 4.5 V in the second and third cycle,

indicating that Li,MnO; phase has not been fully
activated in the first cycle. As for NM-1 electrode, the
4.5 V peak disappears in the second and third cycles,
which indicates that the oxygen release process of the
active material in the first cycle is inhibited after
Li,ZrO; coating. In the discharge process, the
reduction peak around 3.85 V corresponds to the

@ Springer
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Fig. 6 Cyclic voltammograms for the first three cycles of the electrodes prepared by a NM-0 and b NM-1 and electrochemical impedance

spectra of the electrodes ¢ before cycling and d after cycling

reduction of Ni** to Ni**. From the first discharge
process, a pair of reversible redox peaks below 3 V
appear in NM-0 electrode, corresponding to the
redox reaction between Mn** and Mn>", which
means the structure transformation from layered to
spinel phase (Fig. S1). These redox peaks are not
found in NM-1 electrode below 3 V, indicating that
Li,ZrO; coating layer can effectively inhibit the
structural transformation and maintain the structural
stability of Li-rich materials. Moreover, it also can be
seen that the potential difference between oxidation
peak and reduction peak in NM-1 electrode is obvi-
ously smaller than that in NM-0 electrode, revealing
that Li,ZrO; coating layer can effectively reduce the
electrochemical polarization, thereby improving the
electrochemical reversibility of NM-1 electrode.
Figure 6c, d compares EIS of the electrodes before
and after cycling. All the EIS curves are comprised of

@ Springer

a high-frequency semicircle and a low-frequency
slope line, corresponding to the charge transfer
resistance (R.) and diffusion resistance of lithium
ions inside the particles, respectively. Generally, the
value of R reveals the kinetics of electrochemical
reaction in the battery. In Fig. 6c, the R value of NM-
1 electrode before cycling is relatively small, which is
150 Q. NM-2 electrode shows the highest R resis-
tance value, which is about 550 Q, indicating that
excessive coating amount could hinder the electro-
chemical reaction kinetics. In Fig. 6d, the charge
transfer resistance of NM-1 electrode after cycling is
obviously lower than that of NM-0 electrode. This
may be due to the Li,ZrO; coating layer can effec-
tively improve the structural stability of the Li-rich
material and inhibit the side reaction between the
electrolyte and the active material.
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The electrochemical impedance spectra of NM-0
electrode and NM-1 electrode at different voltages
during the first cycle are systematically compared in
Fig. 7. First, the fresh battery is charged to 4.8 V at
constant current, and then the voltage is maintained
at 4.8 V until the current drops to half of the original
value. Finally, the battery is discharged to 2 V with
constant current. The arrows in Fig. 7a, c indicate the
corresponding voltage positions of the tested elec-
trochemical impedance spectra of NM-0 and NM-1
electrode, which are displayed in Fig. 7b, d, respec-
tively. The impedance of the two electrodes changes
in a similar way. As in Table S1, the value of charge
transfer resistance (R.) in Fig. 7b, d increases first,
then decreases, then increases and finally decreases.
The increase of R.; may be related to the formation of
SEI film on the electrode surface. The electrochemical
impedance at 4.8 V after constant voltage charging
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(4.8 V-2) is lower than that at 4.8 V before constant
voltage charging (4.8 V-1). This is because the elec-
trode polarization reduces in the process of constant
voltage charging, which leads to the decrease of
internal impedance of the battery. By comparing the
two electrodes, it can be found that the R values of
NM-1 electrode are all significantly lower than that of
NM-0 electrode, demonstrating that the Li,ZrO;
coating layer can accelerate charge transfer, reduce
electrode polarization and improve electrochemical
reaction kinetics in the cell, thus improving the elec-
trochemical performance of lithium-rich materials.
These results are consistent with the above analysis
by CV and charge-discharge data. The improvement
mechanism of electrochemical reaction kinetics is
speculated as follows. Firstly, as a lithium-ion con-
ductor, Li,ZrO3 with high conductivity can accelerate
the transfer of lithium ions in the electrode. Secondly,

1000 ~
{ ®) [ /)
] oy vy
= S
] ‘ 17 L/
600 48 V-1 V/avy,
{ ——asva ,/y// /7S

400 600 800 1000
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Fig. 7 First charge and discharge curves and the corresponding electrochemical impedance spectra at different voltages of a, b NM-0

electrode and ¢, d NM-1 electrode
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the Li,ZrO; coating layer can separate the active
material from the electrolyte and reduce the corro-
sion of the electrolyte to the internal particles.
Figure 8 illustrates the optimization mechanism of
Li-rich material modified with surface Li,ZrO; coat-
ing layer. The active particle without coating layer
withstands more HF attack and side reaction between
electrolyte and electrode, leading to the transition
metal dissolution issue.[5, 24] Moreover, slow Lit
diffusion and e~ transport is not beneficial to the
charge transfer, resulting in poor high-rate perfor-
mance. Fast ionic conductor is a kind of material with
excellent ionic conductivity, which is realized by ion
carriers. Generally, the electronic conductivity of fast
ionic conductor is not high.[25] As reported by
Hellstrom et al., Li,ZrOj; is a relatively good Li-ion
conductor with a high conductivity of 3.3 x 10~ ° S
m~ ! at 573 K.[26] Moreover, Li,ZrO; possesses three-
dimensional tunnels for Li-ion diffusion, excellent
intrinsic structural stability and chemical inert. The
introduction of surface coating layer causes less HF
attack and side reaction on the surface of active
particles. Moreover, a thin Li,ZrO; coating layer can
suppress the oxygen activity and decrease polariza-
tion by introducing strong metal-oxygen bonds
which act as the conductive for Li*.[27] Meantime,
Li,ZrO; protective layer can reduce the direct contact
between the electrolyte and electrode, thus suppress
the dissolution of transition metal elements and side
reaction in repetitive lithium insertion and extraction
process, which can lead to a higher capacity retention
and better cycle life.[28] However, Li,ZrO; is an
electrochemical inactive material;, so, too much Li,.
ZrO; on the surface of the material will lead to

Fig. 8 Optimization

mechanism of the Li-rich 0\
Li*

oL @O

coating layer Prs

material modified with surface
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capacity loss due to a decrease in active material.[29]
Therefore, an appropriate coating amount of Li,ZrO;
can improve the electrical conductivity of the elec-
trode. That is, appropriate Li,ZrO; coating can
accelerate the transmission of electrons and lithium
ions in the cathode, thus reducing electrode polar-
ization, and finally effectively improving the elec-
trochemical capacity and rate capability of Li-rich
cathode material.

4 Conclusions

The influence mechanism of different Li,ZrO; coating
amount on the crystal structure, surface morphology
and electrochemical properties of Li-rich material
Li[Lip »Nip2Mng 1O, has been systematically studied.
The introduction of Li,ZrO; material can maintain
the stability of the crystal structure of the active
material and change the surface roughness of the
active particles. When the addition amount of Li,.
ZrO; is 1 wt.%, a uniform and continuous coating
layer appears on the surface of the modified material.
The synthesized material with 1wt.% Li;ZrO; has the
best electrochemical performance, including the
highest first capacity and rate capability. This may be
because the continuous and uniform coating reduces
the contact and side reaction between the electrode
and the electrolyte and inhibits the corrosion of active
materials by HF attack under high voltage, thus
achieving the purpose of protecting the active mate-
rial. In addition, as a fast Li* conductor, Li,ZrO;
coating layer can effectively reduce the potential
difference between oxidation and reduction reaction,

More HF attack and side reaction;
Slow Li' diffusion and e- transport;
Transition metal dissolution

Less HF attack and side reaction;
Fast Li* diffusion and e transport;
Reduce electrode polarieation
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reduce the electrode polarization, accelerate charge
transfer, and reduce the charge transfer resistance,
thus improving electrochemical performance. Inert
materials with good chemical stability have a very
broad prospect in modifying electrode materials for
rechargeable batteries.
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