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Abstract

In order to enhance the electrochemical performance of LiNijy 5Cog,Mng 30, (NCM), an in situ doping with zirconium
(Zr) by wet grind-solid state method then coating with Li,0-2B,03 (LBO) by crystal phase selection method is suc-
cessfully developed. At the same time, based on the density functional theory (DFT) with the generalized gradient
approximation (GGA), use of the first-principle calculation method theoretically proved the experimental results. The
XRD results of experimental and the calculated both revealed the lattice parameters become larger after Zr doped. The
thickness of the LBO layer uniformly deposited on the surface of the Zr-doped sample is 5 nm, which can scavenge and
neutralize HF erosion. Particularly, the Zr-doped and LBO-coated NCM sample exhibited excellent cycling performance
with 90.5% capacity retention after 100 cycles at 1 C, which are apparently higher than 76.97% of NCM. The initial
discharge capacity of double optimized sample was 170.4 mAh g ' at 1 C which is higher than 157.1 mAh g ' of NCM.
Zr and LBO layers can effectively reduce the energy of the system and the band gap. Obtained results were consistent
with the experimental results. Therefore, co-modification method plays an import role to optimize the material from the
structure to the surface and hence greatly improved the battery performance.

Keywords LiNijy sCog,Mng 30, - Co-modification - Electrochemical performance - Lithium-ion battery - First-principle
calculations

Introduction

Energy shortages and environmental hazards are regarded as
the most important issues by all countries in the world.
Lithium-ion batteries are getting an upsurge of interest as a
source of green energy due to their high energy density, simple
working mechanism, and environmentally friendly properties.
The ternary cathode material LiNi,Co,Mn,O, possesses an
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advantage over the traditional cathode materials (LiCoO,,
LiNiO,, and LiMnO,) due to ternary synergistic effect [1,
2]. Among them, LiNiysCop,Mny30, (NCM) material is
considered to be relatively more stable with higher discharge
capacity, hence regarded as the ideal material for electric ve-
hicles’ power source. However, during the charging and
discharging of the material, due to the close proximity of
Ni* and Li* radius resulting in cation mixing, lattice defects
caused by collapse of the layered structure, and corrosion
caused by the electrolyte solution, the cycle performance, con-
sistency, and safety are affected [3—7].

In the experimental section, bulk doping and surface coat-
ing are considered as two major effective methods of modifi-
cation. Doped atom such as Al[8], Sb [9], Zr[10],and Na[11]
has radius similar to Li*, which caused charge compensation
mechanism in order to solve the structural collapse problem.
The coating layer separated the cathode material and the elec-
trolyte by certain conductive material such as Al,O3 [12],
Li,ZrO5 [13], and LiAlO, [14] to relieve the side reactions.
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In the theoretical data section, understanding of the effect of
doping and coating in NCM is still far from clear.
Computational science plays a vital role in the design of ad-
vanced cathode materials. It successfully predicted and
interpreted the properties and behaviors of Al and Mg doping
on the degradation in LiNiygCog Mng; [15], and studied
electrolyte interfacial reaction of LiCoO; [16]. Zr has the abil-
ity to enhance the metal strength of the material, modify the
distance of lithium ion and metal layer, and hence aimed to
improve electronic and lithium ion conduction. LBO is con-
sidered as a very ideal coating material because of its proper-
ties such as glass network structure and relatively low viscos-
ity. The oxygen vacancies formed facilitated the insertion and
extraction of Li*. The mobility of ion and its sub-lattice struc-
ture made Li* to have high diffusion capacity. Li,O-2B,0;
has two crystal forms at different calcining temperatures; the
tri-polyboron formed at low temperature is prone to absorb
water and affects the performance of the material. Lithium
tetraborate formed at a high temperature causes volume ex-
pansion, resulting in increased ionic conductivity. Therefore,
temperature is a key factor in the preparation process [17, 18].
Further study of material properties and thermal behavior at
the molecular level by first-principle calculations which based
on density functional theory (DFT) predicted the material
properties and explain the optimization principles. These in-
formation can further verify the veracity and repeatability of
the experimental conclusions to promote rational design [19].

This paper combined experimental methods and a com-
putational approach to investigate the effect of doping with
zirconium (Zr) by wet grind-solid state method and coating
the surface with Li,O-2B,05; (LBO) by crystal phase selec-
tion method in NCM. In the doping process, the grinding
was performed in a wet environment, which greatly reduced

Fig. 1 The LBO glass coating
procedure and the mechanism of
Li-ion conduction in the LBO
coating layer Stirring in
Methanol

80 °C

Electrolyte

the material cracks caused by excessive mechanical stress
before the segment burning. At the same time, the crystal
shape of the material is selected by controlling the temper-
ature. The effects of Zr doping and LBO coating amount on
electrochemical performance of samples by co-
modification were also investigated. At the same time, the
first principles of double-optimized material calculations
based on band and state densities further demonstrate the
effectiveness of the optimization.

Experimental
Sample preparation

Layered LiNij 5Cog,Mny30, (NCM) was obtained via wet
grind-solid state method. Using LiOH and commercial precur-
sor Nij sCop,Mng 3(OH), grinded in alcohol at the molar ratio
of 1:1.05. Calcined at 500 °C for 5 h and then at 900 °C for
15 h. Zr dOped Sample LiNiO,5COO,ZMnO,3OZ)O,QSZrO,0202
(NCMZ) via the same way using NiysCog-Mng3(OH),,
LiOH, and zirconia at the molar ratio of 1:1.05:0.02. In prepa-
ration, Li20-2B203-(LiNiO.5C00.2Mn04302)0‘9821'0_0202 (LBO-
NCMZ) was synthesized by crystal phase selection method. It
was obtained by LiOH and H3;BOj; as the starting materials
were initially dissolved in CH3OH at the molar ratio of 1:2 then
NCMZ power synchronously added to solution. Continuous
slowly stirring was performed at 80 °C until the solution was
evaporated. Finally, the powder was calcined at 500 °C for 10 h.
The LBO coating procedure and the mechanism for Li-ion
conduction are shown in Fig. 1. And the detailed chemical
mechanisms of this reaction were presented as (1) as follows
[20, 21].

Melted

O LBO glas:
sources

0 O ions
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2LiOH + 4H3BO3—Li,0-2B,0; + TH,0 (1)
Characterization techniques

The crystal structures of the products were confirmed by X-
ray powder diffraction (XRD) using Cu-K« radiation at
scanning rate of 5° min~' under the incidence angle range
of 10°-80°. The morphology of the particles were measured
by scanning electron microscope (SEM) with an accelerat-
ing voltage of 20 kV equipped with an energy-dispersive
spectrometer (EDS) and high-resolution transmission elec-
tron microscope (HRTEM).

Electrochemical measurement

The cathode electrodes were fabricated by pasting a slurry
composed of the as-prepared active materials, polyvinylidene
difluoride (PVDF), and carbon black at a ratio of 8:1:1. Then,
the mixture was dispersed in N-methyl-2-pyrrolidinone
(NMP) and the slurry was coated onto aluminum foil. The
electrochemical behaviors of the prepared cathode materials
were investigated using a CR2025 coin-type cells. Cyclic volt-
ammetry (CV) measurements were performed in a range of
2.5-4.8 Vata 0. mV s '. Electrochemical impedance spec-
troscopy (EIS) was also carried out after different numbers
with a frequency range from 0.01 Hz to 100 kHz.

First-principle calculation

First, find the structural parameters of NCM, NCMZ, and
LBO-NCMZ using FindIt software. The PW91 (Perdew
Wang (1991)) method in the spin-polarized generalized gradi-
ent approximation (GGA) method was used. Energy, band
structure, and density of states with NCM, NCMZ, and
LBO-NCMZ were calculated by CASTEP module. Density
of states with energy tolerance selection is 1.0 x 107> eV.

Results and discussion
X-ray diffraction

Figure 2 shows the XRD patterns of NCM, NCMZ, and
LBO-NCMZ, without impurities or secondary diffraction
peaks. The phase of the products after optimizing the
conditions was found basically the same as that of
NCM; the spatial point group R-3m peak position and
the lattice constant were also not changed. All of them
were observed similar to that of x-NaFeO, layered struc-
ture [22]. Remarkably, the (108)/(110) and (006)/(102)
peaks were clearly split, indicating that all the samples
were crystallized well. The (003) peaks were shifted to
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Fig. 2 XRD patterns of NCM, NCMZ, and LBO-NCMZ

lower degree for NCMZ and LBO-NCMZ samples.
Table 1 shows the greater ¢/a value of NCMZ and LBO-
NCMZ as compared to that of NCM. Drawn in the cation
mixing degree was reduced and the inter-planar spacing
was found larger. Zr was successfully intercalated into the
crystal structure. Little change in the coated sample dem-
onstrated that coating on the surface of cathode material
was done with amorphous LBO glass only.

Microstructural characterization

SEM images of NCM, NCMZ, and LBO-NCMZ are shown in
Fig. 3a—f. Figure 3a—c shows that the doping and coating did
not affect the basic spherical morphology of the NCM. Figure
3d, e clearly demonstrates the larger size of NCMZ than
NCM. The particle size was observed to be 10—-15 pum.
Figure 3f shows the LBO-NCMZ spherical surface coating
being slightly rough as compared to that of NCMZ and
LBO-NCMZ, indicating that the LBO coating behavior was
effective. After cycles, the globular morphology of the NCM
will be found destroyed and the structure collapsed utterly.
However, the spherical morphology of LBO-NCMZ could
be isolated from the cathode material and electrolyte, eased
HF corrosion of the cathode material.

Figure 4c—e shows EDS spectra of LBO-NCMZ were per-
formed to check the uniformity of Ni, Co, and Mn on LBO-
NCMZ. Elemental dot mapping shown in Fig. 4b, f proved the

Table 1 Lattice constants of NCM, NCMZ, and LBO-NCMZ
Samples a(A) c(A) cla
NCM 2.871 14.222 4954
NCMZ 2.878 14.235 4.946
LBO-NCMZ 2.867 14.240 4.967
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Fig. 3 SEM images of NCM (a, d), NCMZ (b, e), and LBO-NCMZ (c, f)

homogeneous distribution of Zr and B elements in LBO-
NCMZ sample. Further, it demonstrated that doping and coat-
ing were effective method to improve material properties.
Figure Sa—f illustrates the TEM images of NCM, NCMZ,
and LBO-NCMZ. Obviously, TEM images further proved the
existence of LBO coating. Figure Sa—c represents that the
surface of positive electrode was smooth without coating. As
can be seen in Fig. 5d—f, the coated material with the obvious
thickness of about 5 nm was present on the surface of NCMZ.
This layer acted as a conductive agent and a binder that
inhibited the change in volume from layered structure to

I x35.0k SE(UL)!1/12/2018 10:2

spinel structure during charge and discharge. Hence, this
method resulted in improving the material stability.

Electrochemical performance

Figure 6 represents the first charge-discharge curves of
NCM, NCMZ, and LBO-NCMZ at a current of 1 C. The
capacity of each sample was found to be 157.1, 174.4,
and 170.4 mAh g '. NCMZ values were noticed to be
higher than that of NCM, as Zr doping was carried out
to improve the ionic conductivity. LBO-NCMZ values

Fig. 4 a SEM image of the LBO-NCMZ EDS mapping of b B, ¢ Mn, d Co, e Ni, and f Zr
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Fig. 5 TEM images of a NCM, b NCMZ, ¢ LBO-NCMZ, d LBO-NCMZ 100 nm, e LBO-NCMZ 20 nm, and f LBO-NCMZ 10 nm

were slightly lower than that of NCM, as the layer was
electrochemically inert within this voltage range and the
coating somewhat impeded the conduction of ions, which
was found consistent with the TEM results.

Figure 7a represents the discharge curves of NCM, NCMZ,
and LBO-NCMZ after 100 cycles at 0.1 C, with a capacity of
148mAhg™, 152mAhg™, 167 mAh g ' having capacity reten-
tion of 76.97%, 82.4%, and 90.5%. As reported in the litera-
ture, using LBO as a coating layer can also improve the elec-
trochemical performance of other materials [23]. Though the

4.5
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Fig. 6 Initial charge-discharge curves of NCM, NCMZ, and LBO-
NCMZ at 1 C

LBO-NCMZ samples delivered lower initial discharge capac-
ities due to electrochemically inert layer, LBO glass was ob-
served having good ionic conductivity and exerted positive
effect on the cycling performance of the cathode material.
Insufficient coating amount was still eroded by the electrolyte
to form NiO, accompanied by oxygen loss and transition met-
al that was dissolved. Excessive amount of coating impeded
the ion migration as reported in the literature.

The excellent rate property was also a remarkable advan-
tage of the LBO-NCMZ that can be observed in Fig. 7b.
NCM, NCMZ, and LBO-NCMZ electrodes were measured
at different rates (0.1, 0.2, 1, and 2 C). At low rate of 0.1 C,
NCM was compared with NCMZ and LBO-NCMZ having
composite discharge capacity in close proximity. The dis-
charge capacity of LBO-NCMZ sample was found to be
165.5 mAh g ' which was higher than 159 mAh g ' as ob-
served for NCM at 2 C. Other material studies also indicate the
larger the discharge rate and the greater the current, the more
irreversible polarization of the electrode material occurred
[24]. Co-modification eases the damage to the electrode ma-
terial structure and morphology.

Cyclic voltammograms and electrochemical
impedance spectroscopy

Figure 8a—d shows the cyclic voltammograms of NCM,

NCMZ, and LBO-NCMZ. All curves shown were found sim-
ilar in shape, indicating that the doping and coating did not
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Fig. 7 a Cyclic performance of NCM, NCMZ, and LBO-NCMZ at 0.1 C. b Rate capability of NCM, NCMZ, and LBO-NCMZ at 1 C

affect the primary structure of NCM. Figure 8a shows that in
the first cycle, the oxidation peak of NCM was noticed to be
4.366 V, while the reduction peak was 3.977 V. Figure 8b
shows that the oxidation peak of NCMZ was found as
4.359 V, while the reduction peak was 4.025 V. Figure 8c
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4.5

shows that the oxidation peak of LBO-NCMZ was found as
3.968 V, while the reduction peak was 3.651 V. It clearly
demonstrated that the irreversible polarization was smaller
during charging and discharging and, hence, more conducive
to the ion extraction and embedding. Figure 8d shows that
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Fig. 9 a NCM, b LBO-NCMZ, and ¢ LBO-NCMZ electrodes at the charge state of 4.6 V after the 1st and 50th cycles. d Nyquist plots of samples

after coating, the oxidation peak and reduction peak of the
area formed were smaller, which signified that the material
would have better cycling performance after coating. This is
similar to the results of other optimization materials [25].
Figure 9a—c represents the EIS measurements of NCM,
NCMZ, and LBO-NCMZ samples after the 1st, 25th,
50th, and 100th cycles. The intercept at the Z,..,-axis in
high frequency refers to uncompensated ohmic resistance

Table 2 Impedance parameters fitted for the NCM, NCMZ, and LBO-
NCMZ from equivalent circuits at 1 C conditions after different cycles
Cycles NCM NCMZ LBO-NCMZ
R/ R/ R/ R/ R/Q2 R/
Ist 23.1 92.0 21.5 15.1 21.1 19.8
25th 20.2 192.0 24.7 97.5 29.2 102.4
50th 18.0 3743 25.8 162.9 14.4 154.5
100th 13.3 529.5 26.3 308.9 18.6 248.5

(Ry), which includes electric contact resistance, electrolyte
solution resistance, and ion conductive resistance. The
semicircle later emerged from high to medium frequency
represented the charge transfer resistance (R.) between
the electrode and electrolyte, a sloping line at low fre-
quency which corresponded to the diffusion of lithium
ions in the solid electrode (Z,,) [26, 27]. In general, low-
frequency tail characteristic of the chemical diffusion pro-
cess was found similar for the first cycle of each cell, but

Table 3 Cell parameters and Fermi energies of NCM, NCMZ, and

LBO-NCMZ

Samples Cell parameter Volume (A) Band gap (eV)
AA) c@A)

NCM 2.850 15.015 105.643 0.985

NCMZ 2.908 14.890 109.109 0.751

LBO-NCMZ 2.905 14.868 108.725 0.702
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the difference in the number of cycles was significant.
The R, value of NCMZ tends to be more stable than
NCM as the number of cycles increased, and the R, value
of LBO-NCMZ was found below the R, value of NCM.
R, was increased on increasing the number of cycles as
shown in Table 2. Figure 9d shows the Nyquist plots of
samples. NCM value of R, was increased from the orig-
inal value of 13.3 to 529.5 Q after 100 cycles, while the
R value of LBO-NCMZ was increased from initial value
of 19.8 to 248.5 (). These findings indicated that the ap-
plication of Zr doping and LBO glass coating was an
excellent strategy for suppressing the formation of SEI
layer, suppressing the structure distortion, and facilitating
the Li* migration at the surface of cathode.

First-principle calculations

Table 3 shows the optimized structural parameters of NCM,
NCMZ, and LBO-NCMZ after first-principle calculations; it
can be seen that the calculated unit cell parameters of each
material and the experimental data have undergone minor
changes. This acceptable change was due to experimental er-
rors. Calculations showed that the c/a values of the unit cell
increased and the volume increased 4.14%. This was similar
to the experimental results of experiments as Table 1 shows
the feasibility of the calculation method.

It was known from Fig. 10 the minimum energy curves of
NCMZ and LBO-NCMZ with different doping and coating
amounts (0.5, 1, 2, and 3 wt%). The energy of the system
decreases first and then increases with increasing doping and
coating amount. The transition metal with a large doping ra-
dius could cause a slight change in the crystal lattice, thereby
reducing cation mixing, and the layer can mitigate surface
corrosion and promote lattice stability. When the doping
amount and the coating amount are 2 wt%, the energy of the
system was the lowest and the performance was the most
stable. This was consistent with the experimental results. Zr
doping can reduce the energy gap, so that the energy of elec-
trons to transition from the conduction band to the valence
band decreases, and the position of the entire energy band
moved in the low-energy direction. LBO coating can ease
the occurrence of side reactions and reduce the energy loss
during work.

Figure 11a—f presents the structure and density of states
of NCM, NCMZ, and LBO-NCMZ near the Fermi level.
From the band gap width in Fig. 11a—c, the doped and
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Fig. 11 Energy band and density of state of NCM (a, d), NCMZ (b, e), and LBO-NCMZ (¢, f)
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coated materials still belong to the semiconductor. After the
completed doping optimization, the energy level difference
between the valence band and the conduction band was
reduced from 0.951 to 0.801 eV. When double optimization
was performed, the energy difference between the conduc-
tion band and the valence band was the smallest, and the
band gap reached 0.702 eV, making the electronic transition
easier to occur, thereby increasing the conductivity of the
material. It can be seen from the sum line that the energy
density of the material was mainly determined by the elec-
trons of the p and d orbitals. The electronic contributions of
the s and f orbital orbits were small and can be neglected
[28]. The calculation results showed that the theoretical re-
sults of the double modification method can be basically
consistent with the experimental results.

Conclusions

The structural stability and electrochemical performance of
LiNiy 5sCo,Mng 30, cathode materials were strengthened
after Zr doping and LBO coating. First-principle calcula-
tions were performed on the double-modified material using
calculation software. The experimental results and calcula-
tion results of XRD showed that the co-modification did not
affect the NCM layered structure and improved material
structure stability. TEM images clearly confirmed that the
5-nm LBO layer effectively separated the NCMZ. The ca-
pacity retention of LBO-NCMZ sample was noticed as
90.5% at 0.1 C after 100 cycles in 4.3 V, while that of
NCMZ and NCM were 82.3 and 76.97%. R value after
100 cycles was reduced from 529.5 to 248.5 2. Based on
the analysis of the band structure and density of states, dop-
ing Zr and LBO layer can reduce the energy of the system
while reducing the conductivity. It was found that the dual
modification is better than single modification by character-
izing two different kinds of optimized materials, which was
proved by experimental and theoretical data.
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