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Abstract

Electrode-clectrolyte interface side reactions cause the fast capacity fading of Ni-rich cathode, especially at high cutoff
voltages and high temperatures. This is the main obstacle for their commercial application. Herein, a hybrid ZrO,-
Li,ZrO3 (LZO) coating layer was fabricated through a wet process on LiNiy 7Cog.15sMng 150, (NCM) cathode materials.
The structure and chemical composition of the ZrO,-Li,ZrO; coating layer were studied by the characterizations of
XRD, SEM, TEM, and XPS. The ZrO,-Li,ZrO3-coated LiNij;Coq.15Mng 150, cathode improved cycling stabilities at
both 25 and 55 °C in the case of high cutoff voltage. In detail, ZrO,-Li,ZrO3z-coated NCM (LZO-NCM) delivers a
187.40 mAh g ' with 83.4% capacity retention after 100 cycles at 1C over 3.0-4.5 V, and it is far higher than that of
uncoated sample (71.4%). At elevated temperature (55 °C), the ZrO,-Li,ZrOs-coated sample also maintains 79% ca-
pacity retention after 100 cycles (3.0-4.5 V, 1C), which is higher than the 61.5% capacity retention of the pristine
electrode. The hybrid ZrO,-Li,ZrO5 coating could not only keep the bulk structure stability but also prevent the
electrochemical resistance which varies after cycles. Thereby, the electrochemical properties were improved
significantly.

Keywords LiNig,Cog 15Mng 150, - ZrO,-Li,ZrO; coating layer - Side reaction - High voltage - High temperature

Introduction

In the past decades, lithium-ion batteries (LIBs) have been
rapidly developed and applied in most fields, especially in
electric vehicles [1-4]. LIBs with high energy density are
of significance in EVs to meet the requirement of longer
endurance mileage [5, 6]. One of the most important fac-
tors affecting the LIB energy density is the cathode
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material, among which the Ni-rich cathodes have attracted
much attention because of its relatively high capacity
[7-10]. Generally, the increase of capacity can be
achieved by increasing the nickel content in Ni-rich cath-
odes and/or enhancing the cutoff voltage [11-15].
However, Ni-rich cathodes such as
LiNi0.7C00_15Mn0.1502 and LiNiO.gCOOAlMHO.102 have so
far been retarded by electrode-electrolyte interface side
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reactions, which leads to the low capacity retention with
dramatic voltage plateau dropping, especially at high cut-
off voltages and high temperatures [16—19]. In the higher
voltage charging state, the highly oxidized and active Ni**
on the surface of the material is prone to interface side
reaction with electrolyte, leading to the surface structure
instability of the cathode materials due to the irreversible
phase transition on the surface [20-22]. In addition, the
residual lithium on the particle surface of Ni-rich cathode
materials can bring out more dissolution of the transition
metals from the particle surface, leading to the capacity
fading [23, 24]. Another problem with Ni-rich cathode
materials is related to structural instability in high temper-
ature. Transition metal ions dissolving into the electro-
lytes in high temperature aggravated the partial phase
transformation to spinel phase, which decreases the safety
performances [25, 26].

Surface coating has been proved to be one of the ef-
fective methods to solve some of the above problems
[27-31]. By providing a shield at the material surface,
the electrode surface is protected from reacting with the
electrolyte, and the side reactions between the cathode
and the electrolyte are prohibited so as to improve the
electrochemical performances of the Ni-rich cathode ma-
terials [32-35]. The metal oxides and fast ion conductors
have been developed as promising coatings. Metal oxides
can be used as the HF scavenger in electrolyte, which
protects the positive electrode material from HF corrosion
and inhibits further decomposition of the electrolyte [32,
36]. The fast ionic conductors can improve the electro-
chemical performance by increasing the electrical conduc-
tivity [11, 37, 38]. In combination with the characteristics
of the two cladding materials, in this paper, ZrO,-Li,ZrO;
(mark as LZO) multiphase layer was used to coat
LiNig 7Cog.15sMng 150, via a wet process, and the effects
of the LZO coating layer on LiNig,Coq ;sMng 150, were
systematically discussed. Furthermore, the electrochemi-
cal performance of prepared powder as cathodes was eval-
uated at both the room temperature and a higher
temperature.

Experimental
SyntheSiS of LiNio_7Mno.1 5C00_1 502

For the preparation of pristine LiNij,Cog 15Mng 150, mate-
rials, commercial Nig7Cog 15Mng 15(OH), (Hunan Brunep
Recycling Corp., China) precursor was mixed thoroughly
with LIOH-H,O (npi/nni + co +mny) = 1.04) and sintered at
820 °C in O, flow for 10 h. Then, the pristine
LiNig sMng 15Co4 150, materials (mark as NCM) were
prepared.

@ Springer

Synthesis of ZrO,-Li,ZrOs-coated
LiNig ;Mng ;5C00.150,

LZO-coated LiNiy-,Cog 15sMng 150, (LZO-NCM) materials
were synthesized in the following procedure showed in
Fig. 1. A total of 200 g LiNij,Cog 15Mng 50, powders was
dispersed into 200 ml Zr(CH3;COO), (~ 1.07 g) aqueous solu-
tion and stirred for 2 min to achieve good dispersion, and then
NH;'H,0 aqueous solution was slowly added into the above
suspension to produce a slurry. Then, the slurry was dried at
60 °C in a vacuum oven. Lastly, the obtained solid was cal-
cined at 600 °C in O, flow for 6 h to obtain the final products.
Based on the ICP-OES test, it can be considered that the mass
ratio of ZrO, (here, we assume that all Zr are in the state of
ZI'Oz) to LiNi0.7C00_15M1’10.1502 is about 0.2 wt%.

Physical characterization

X-Ray diffraction (XRD, Panaco X Pert PRO) with a Cu K,
radiation source was employed to identify the crystalline
structures of the samples. The scanning rate was 8°/min.
Particle morphology and elemental mapping of the prepared
powders were observed by scanning electron microscopy
(SEM, Hitachi S3400N, Japan), and the status of the coating
layers of the samples was studied by transmission electron
microscopy (TEM, Tecnai G12, 200 kV). X-Ray photoelec-
tron spectroscopy (XPS, VG Multilab 2000) measurements
were performed to get information on the elements’ composi-
tion on samples’ surface. Cycled coin half cells were
disassembled in the argon glove box (MNIUIVESAR1220-
100, MIKROUNA) and the powder scraped from the obtained
electrodes washed by dimethyl carbonate (DMC) for XRD
analysis.

Electrochemical testing

CR2016-type coin button cells were assembled to perform the
electrochemical characterizations. Positive electrodes were
prepared by mixing the cathode powders with 10 wt% acety-
lene black and 10 wt% polyvinylidene fluoride (PVDF) binder
in the proper amount of N-methyl-2-pyrrolidone (NMP). The
blended slurries were cast onto an aluminum current collector
and dried under vacuum at 120 °C for 12 h. CCR2016-type
coin button cells were fabricated in the Ar-filled glovebox
(MNIUIVESAR1220-100, MIKROUNA, China). We used
lithium foil as the negative electrode, Celgard 2400 as the
separator, and 1 M LiPFg4 dissolved in the liquid of
EMC:EC:DMC = 1:1:1 vol ratio as the electrolyte.

The initial charge/discharge cycle at 0.1C (1C=
180 mA g ') and the following cycle at 1C of the half cells
were tested by Neware Test System (CT-4008-5V6A-S1,
Shenzhen Neware Energy Tech Co., Ltd., China) at a voltage
between 3.0 and 4.5 V at 25 °C and 55 °C. Cyclic
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Fig. 1 Scheme illustrating the
coating process from pristine
NCM cathodes to ZrO,-Li,ZrOs-
coated NCM cathodes

NCM

voltammetry (CV, 3.0-4.5V,0.1 mV sﬁl) measurements were
carried out on a CHI750E electrochemical workstation
(CHI750E, Shanghai, China). After the first and 50th cycles,
we performed electrochemical impedance spectra (EIS) of
cells using CHI750E with an amplitude of 5 mV over a fre-
quency range of 0.1 MHz to 10 mHz.

Results and discussion

In Fig. 2, the XRD patterns for NCM and LZO-NCM are well
indexed to a-NaFeQ, structure in a hexagonal form with R3m
space group (JCPDS #09-0063) [38]. The slight shift to the

Zr(CH,COO0),
NHa.H,0

Zr(OH),layers ZrO,-Li,ZrOslayers

O,
600 °C

ZrO,-Li,ZrOzcoated NCM

lower angle for (003) peak of the LZO-NCM (Fig. 2b) indi-
cates the possible phase variation on the surface structure as a
result of a trace doping of Zr** ions into the NCM crystals
[20]. The splitting peaks of (018)/(110) in Fig. 2¢ represent a
well-ordered layered structure in both samples. The lattice
parameters (¢ and a) of LZO-NCM are 14.2175 A and
2.8714 A, which are similar to those of the NCM sample
(c=14.2177 A and a=2.8715 A). Such small changes reveal
that the bulk structure of NCM is not affected by the LZO
coating. As shown in Fig. 2d, weak ZrO, signals (JCPDS
#49-1642) appear in the pattern of LZO-NCM in the angle
range of 26 ~29° (26) while none is observed for pristine
NCM.

Fig. 2 a XRD patterns of the
NCM and LZO-NCM, and b the (a) (b)
expanded view of the NCM -
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Figure 3a and d show the SEM images of NCM and LZO-
NCM materials, in which all samples display spherical-like
particles with about ~ 1 pwm primary particles. The surface of
coated samples (Fig. 3d) became obscure with some tiny
nanoparticles while the particles of pristine NCM are clean
and smooth. In more detail, the TEM images were used to
characterize the structural characteristics of the samples.
Compared with Fig. 3b and e, an ultra-thin coating layer can
be clearly found on the particle surface after LZO modifica-
tion. From the HRTEM images of pristine NCM (Fig. 3c¢), a
layered crystal structure with a clear lattice fringe of ~
0.479 nm agrees well with the distance of (0 0 3) crystal facet
of the LiNiy ;Mng ;5Co00.150, (JCPDS #09-0063) [28]. In ad-
dition, the corresponding FFT pattern (inset in Fig. 3c) shows
an array of hexagonal symmetry dots, and revealed the single
crystalline feature of the NCM. Furthermore, the surface
shows an amorphous layer, which associates with the surface
lithium residual (Li,CO5/LiOH). In addition, some different
lattice fringes with interplanar spacing of ~0.16 nm and ~
0.296 nm are also observed near the NCM boundaries (Fig.
3f), along with the corresponding FFT pattern (inset in Fig.
3f), which corresponds to the (2 0 2) planes of Li,ZrO;
(JCPDS #41-0324) and (1 1 1) planes of ZrO, (JCPDS #49-
1642), respectively. This demonstrates the existence of
Li,ZrO5 and ZrO, on the surface of coated samples.

The energy-dispersive X-ray spectroscopy (EDS) map-
pings are present to check the element distribution of the
LZO-NCM. Figure 4 indicates that the Zr elements are
completely overlapped with Ni, Co, and Mn, suggesting that
LZO coating layers were fully distributed throughout the
NCM surface. This LZO multiphase coating layer is designed

e~

to act not only as a protection layer but also as an ion conduc-
tive layer, with possible effects on alleviating side reactions
and improving the electrochemical performance of the
LiNig sMnyg 15C0g 1505, which would be discussed later.

XPS analysis was performed to find out the surface chem-
ical compositions of pristine NCM and LZO-NCM. The sur-
vey spectra of both samples show typical Ni, Mn, and Co
peaks, but Zr peaks are only observed in the LZO-NCM sam-
ple (Fig. 5a). The spectra of Ni 2p of both samples are shown
in Fig. 5b. The Ni 2p binding energies show no obvious var-
iations, suggesting that LZO coating does not affect the bulk
cathode. This phenomenon is consistent with the results
discussed in the previous XRD analysis. From Fig. Sc, the
binding energy (BE) of Zr 3d at 182.2 eV and 184.7 eV is
consistent with the reported value in ZrO, and Li,ZrO; bulk
material [39, 40]. Figure 5d exhibits the O 1s spectra of two
samples. The BE located at 531.6 eV corresponds to the
absorbed oxygen from surface lithium residual, while the
small peak located at 529.8 eV is attributed to the oxygen in
the metal framework [41]. As can be seen from Fig. 5d, com-
pared with NCM, the Ols peak of LZO-NCM at 531.6 eV is
slightly reduced than that of NCM, indicating that LZO coat-
ing may decrease amounts of the lithium residues, which may
be favorable to improving the interfacial properties and lead-
ing to excellent electrochemical properties.

Figure 6 shows the initial charge/discharge curves at 0.1C
and cycle performance at 1C of two samples between 3.0 and
4.5V at 25 °C and 55 °C. As can be seen from Fig. 6a, the
initial discharge capacities and corresponding coulombic effi-
ciencies of two samples are 200.2 mAh g '/89.14% (NCM)
and 196.3 mA h g '/89.57% (LZO-NCM), respectively. The

Layered
Amorphous

Fig.3 SEM images fora NCM and d LZO-NCM spherical materials. TEM images for b NCM and e LZO-NCM. High-resolution (HRTEM) images for

the ¢ NCM and f LZO-NCM cathodes
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Fig. 4 EDS mapping of the LZO-NCM cathodes: a SEM image of LZO-NCM, and elemental mappings of Ni, Co, Mn, O, and Zr (b, ¢, d, e, f)

phenomenon that discharge capacity of the LZO-NCM elec-
trode is lower than that of NCM electrode is probably because
the coating layer is electrochemically inactive in the voltage

range. With respect to the cycling performance at 1C and
25 °C (Fig. 6b), the LZO-NCM sample exhibits a lower initial
discharge capacity (187.4 mAh g ') than that of the pristine
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<« Fig. 6 Electrochemical test of the NCM and LZO-NCM cathodes: a
charge/discharge curve at 0.1C, b 1C cycling performance and coulombic
efficiency at 25 °C, ¢ 1C cycling performance and coulombic efficiency at
55 °C, d, fdischarge profile at different cycles, e, g the corresponding dQ/
dV profiles

(190.2 mAh g ). But the LZO-NCM maintains a higher ca-
pacity retention (83.4%) than the pristine NCM (71.4%) after
100 cycles. In order to further assess the effectiveness of the
LZO coating layer, the cycling performance of 1C rate was
tested in a severe condition of 55 °C high temperature.
Figure 6¢ shows the results of this test for the pristine NCM
and LZO-NCM electrodes, from which their capacity reten-
tions can be found as 61.5% and 79.0%, respectively. It can be
observed that the LZO coating effectively improved the cycle
performance of LiNij7Mng 15C0q.150,, which is consistent
with the above analysis.

The discharge curves and corresponding dQ/dV profiles of
NCM and LZO-NCM for different cycles at a rate of 1C and
25 °C between 3.0 V and 4.5 V are shown in Fig. 6d—g.
Compared with Fig. 6d and f, we can see that LZO-NCM
electrode exhibited higher stability for capacity and discharge
voltage retention during cycling. Voltage fading and capacity
loss resulted from the formation of a spinel-like and rock-like
structural framework associated with the relocation of transi-
tion metals atomic in the Li layer. Differential capacity anal-
yses were performed to understand the different voltage reten-
tion behaviors between NCM and LZO-NCM. From dQ/dV
curves (Fig. 6e and g), the peak shift of LZO-NCM is smaller
than that of the NCM sample, indicating the suppressed po-
larizations after LZO coating.

The cyclic voltammograms of the NCM and LZO-NCM
after the first and the 50th cycles are shown in Fig. 7a and b.
The sharp anodic/cathodic peaks around 3.7 V correspond to
the oxidation/reductions of the Ni**/Ni** and the small
anodic/cathodic peaks around 4.3 V correspond to the struc-
tural transformations of hexagonal structures (H2-H3), re-
spectively [42, 43]. The potential differences (AE) between
the cathodic peak and the anodic peak of NCM after the Ist

(a) 1.8.

NCM

1st 3.906 V
———50th

-
N
T

Current (mA)
o
»

o
=]

28 3.6
Potential (V)

Table 1 The electrochemical impendence fitting results of NCM and

LZO-NCM samples

Samples Cycle number R, (€)) Re () R ()

NCM Ist 3.58 14.94 20.23
50th 491 84.51 824.6

LZO-NCM Lst 7.25 12.45 34.25
50th 9.05 28.58 185.0

and 50th cycles are 0.074 and 0.206 V, respectively, which are
higher than the compared result of LZO-NCM (0.055 and
0.165 V). As in previous reports [11, 44], a smaller AE which
represents the electrochemical reversibility indicates a smaller
reaction polarization. Obviously, the AE becomes smaller af-
ter LZO coating, indicating that the LZO coating was helpful
in improving the electrochemical performance by reducing the
electrochemical polarization.

To figure out the origin of positive effect of the LZO coat-
ing layer on cycling performance, the EIS for the NCM and
LZO-NCM are analyzed and measured after the first and 50th
cycles in full charge to 4.5 V state. In Fig. 8a and b, the
Nyquist plots of two samples consist of a semicircle in high
frequency and a semicircle in middle frequency. According to
previous reports, R refers to the solution resistance, and Ry
represents the surface interface resistance at high-frequency
semicircle, while R is assigned to the charge transfer resis-
tance at middle-frequency semicircle [45]. Based on the
equivalent circuit (Fig. 8c), the calculated resistances are ob-
tained and listed in Table 1. After cycles, the value of Ry in
NCM sample was obviously increased while that in LZO-
NCM sample basically remained stable. As presented in
Table 1, for both samples, their R values are upregulated
significantly after 50 cycles, but the R, value of LZO-NCM
is remarkably increased from 34.25 to 185.0 Q after 50 cycles,
while that of NCM increased from 20.23 to 824.6 2. This
result further suggests that the LZO coating might effectively
relieve the side reactions between electrolyte and cathode,
thereby suppressing the enhancement of the impedance.

LZO-NCM
3.854V

— st

Current (mA)

3.689V
1 1 1

28 3.2 3.6 4.0 4.4
Potential (V)

Fig. 7 CV profile of a NCM and b LZO-NCM at different cycles at a scanning rate of 0.1 mV s™' in a voltage range of 3.0-4.5 V at 25 °C
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To further explore the reason for improved electrochemical Is, F 1s, and Li 1s of NCM and LZO-NCM electrodes were
performance of LZO-NCM, high-resolution XPS curves of C  obtained after 100 cycles. In the C 1s spectra (Fig. 9a), C s
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Fig. 9 XPS spectra of a C, b F, and ¢ Li for NCM and LZO-NCM samples after 100 cycles over 3.04.5 V; d XRD patterns of NCM and LZO-NCM
samples after 100 cycles over 3.0-4.5 V
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was almost the same at the chemical bond properties expect
for intensity. The peak around 683 eV in F 1s spectra is
assigned to the LiF which may increase the interface imped-
ance considerably [11]. The peak around 53.8 eV in Li 1s
spectra is assigned to the Li;,CO3/ROCOOLi which mainly
originated from the side reactions between electrolyte and
cathode [44]. As seen from Fig. 9b and c, the intensity of
LiF and Li,COs/ROCOOLi peaks in LZO-NCM are slightly
less than those in NCM, indicating that more serious electro-
lyte decompositions occur on NCM surface. On the contrary,
the side reactions can be significantly suppressed by the LZO
layer on the NCM particle surface during cycling [46]. As can
be seen in Fig. 9d, both electrodes can be indexed to the
typical «-NaFeO, layered structure by the diffraction after
100 cycles, but peak intensities of NCM became weaker than
those in the LZO-NCM obviously, which confirm that the
LZO coating may effectively strengthen structure of
LiNig ;Mng 15Co0g 150, [47].

Conclusions

In summary, a hybrid ZrO,-Li,ZrO;-coated
LiNiy 7Cog.15sMny 150, cathode material was successfully
achieved by a wet process and systematically investigated.
The multifunctional ZrO,-Li,ZrO; coating layer on NCM sur-
face effectively reduced the side reactions between electrolyte
and cathode, thereby significantly optimizing the interfacial
structure of electrode and leading to lower impedance incre-
ment and enhanced electrochemical stabilities in high cutoff
voltage and high temperature. The capacity retention of the
LiNi ,Cog.15sMng 150, cathode was increased from 71.4 to
83.4% by coated ZrO,-Li,ZrO; after 100 cycles between 3.0
and 4.5 V at 1C and 25 °C. Furthermore, this ZrO,-Li,ZrOs-
coated cathode also showed higher capacity retention (79%)
than the pristine (61.5%) after 100 cycles at 55 °C. Note that
the multifunctional ZrO,-Li,ZrO5 layer can well enhance the
electrochemical stabilities of Ni-rich layered oxides. We con-
sider that it should shed some light for the surface design of
Ni-rich cathodes with excellent electrochemical performance
at high voltages and high temperatures.
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