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ABSTRACT: LiNijy3Co,,Mn,;0, (NCM811) became a research
hot point because of its low cost, environmental friendliness, and °e 9 @ ouom
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and electrochemical performance were discussed in depth. These : Pt N

showed that when La and Al doping concentrations were 1 and
0.5%, the samples showed the best performance. The as-improved
performances were mainly attributed to the reduced Lit/Ni?* intermixing, suppressed phase transition, and decreased potential

) ’!'
S '@ La-Al co-doped NCM811

polarization and impedance.

1. INTRODUCTION

Ni-rich LiNi,CoMn,_, O, (x > 0.6) have been applied in
lithium-ion batteries (LIBs) as cathode materials with low
environmental pollution, high energy density, good rate
performance, and long cycle life. However, significant Li*/
Ni** intermixing can be obtained as the active Ni content in
LiNi3Cop;Mny ;0, (NCM811) is as high as 0.8. Furthermore,
as Ni** (0.69 A) and Li* (0.76 A) have close radii, Ni** could
easily enter the Li vacancies of the Li layer, which could
degrade the cycle performance seriously.'

For NCMS811, Li*/Ni*" intermixing is an essential factor that
can affect the initial discharge capacity loss and cycle
performances. Ni** could be oxidized to Ni’** with Jahn—
Teller distortion during discharging, causing partially layered
structure collapse and hindering the insertion/extraction of Li*
ions.” Furthermore, during the cycle, the anisotropy on the
lattice scale will cause the primary particles to crack at the grain
boundary, reducing the ionic conductivity between the primary
particles and causing an electrolyte flow into the cracks of the
primary particles. This aggravates the side reaction between the
active material and electrolyte and increases the EIS layer
resistance (R)." Kondrakov et al. found that the lattice
constant decreased from 14.469 to 13.732 A during Li*
extraction, making it difficult to embed Li", while the
discharging cycle performance decreased.’

Many studies have shown that doping could be an efficient
approach to improve the electrochemical performance of
NCM811-based cathode materials.” Cation doping can
efficiently reduce the Li*/Ni** intermixing and enhance the

© 2021 The Authors. Published by
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stability of the crystal structure. Generally, a dopant with a
larger radius can increase the distance between crystal layers
and increase the diffusion rate of Li*.” In addition, a dopant
with a strong bond energy between transition metals can
reduce the dissolution of transition metals and escape lattice
oxygen, improving stability and safety.® Several dopants like
La,” Nb,° Ti” Cr,"" Ca,'" Zr,"> W,"* Mg,"* K,"* P,"® and S"7
have been successfully explored to enhance the electrochemical
properties of NCM811.

Dong et al. obtained a La-doped NCM811 cathode material
by using the co-precipitation method.” The results showed that
La**entered the lattice to occupy Ni** sites. Thus, the capacity
retention rate was as high as 95.2% after 100 cycles at 2.8—4.3
V (1 C). Du et al. found that when the Ti doping amount was
2%, the initial discharge capacity reached 205.7 mAh/g (2.8—
4.5V at 0.5 C), and the capacity retention rate was 86.9% after
200 cycles (1 C).” Li et al. investigated the effect of Cr doping
on NCMS8I11 and found that Cr® could inhibit Li*/Ni**
intermixing and Jahn—Teller distortion, stabilizing the
structure.'® When the Cr® content was 1%, the discharge
capacity of NCM811 was 209.9 mAh/g at 2.7—4.3 V (0.1 C).
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Figure 1. (A) XRD patterns and (B) zoomed-in XRD patterns of pure and La**—Al** co-doped NCM811 cathode materials.

Chen et al. prepared Ca-doped NCMS811 by a solid-state
method."" When the doping amount was 6%, the capacity
retention rate was 81.10% after S0 cycles at 2.8—4.3 V (0.5 C).
Min et al. studied the electrochemical performances of Al-Mg
co-doped NCM811."* The results showed that Mg?* doping
could reduce the degree of cation disorder, while AI** doping
can inhibit the formation of oxygen vacancies. Yue et al.
prepared LiNiygCoy;Mn,;0, F, by sintering prepared
NCM811 with NH,F at 450 °C for 5 h.® The results showed
that F doping could effectively inhibit HF corrosion and
improve crystal structure and cycle performance. The capacity
retention rate was 94.3% after 100 cycles at 2.8—4.3 V (2 C).

Besides, because single-component doping can only improve
usually just one parameter, multicomponent doping was then
widely considered.'” For example, Naghash and Lee confirmed
that phase structure stability could be significantly enhanced by
Mg doping, but the rate performance was reduced.”” On the
other hand, Liang et al. used Mg and Al as co-dopants to
inhibit the formation of oxygen vacancies, restrain phase
transformation, and decrease cation mixing to improve the
specific capacity and cycle stability.”' Similarly, La and Al co-
doping was successfully applied to enhance the high-voltage
and high-energy-density properties of LiCoO,**

The liquid method has been widely employed to prepare
NCM cathode materials; however, the liquid route is
disadvantageous because it is both time- and energy-
consuming. The solid-state method is also suitable for the
mass production of cathode materials. The lithium source can
be mixed with transition metal sources in a strict stoichiometry
at the beginning.”> Recently, the development of single
crystalline particles of NCM had enabled long lifetimes and
high coulomb efficiency, as reported by Trevisanello et al.”*
Therefore, in this paper, La—Al co-doped NCM811 was
prepared by the solid-state method to reduce Li*/Ni**cation
intermixing and to suppress phase transition with the aim of
improving the cycle stability of NCM811.

2. EXPERIMENTS

La** and AI** co-doped LiNij 3.,Cog1Mny;,0, cathode
materials were prepared by a previously described solid-state
method.®® According to the molar ratio of 1.05:0.8:0.1:0.1:x:y,
a certain amount of LiOH, NiO, Co;0,, MnO,, AL,O;, and
La,O; was weighed, respectively. All the raw materials were
obtained from Aladdin Industrial Corporation (AR grade).
After ball-milling, the powders were heated first to 650 °C for 4
h and subsequently to 860 °C for 20 h in an oxygen
atmosphere to obtain LiNijs,Cop;Mny;.,0,. Corresponding
to doping concentrations, the samples were marked as 811-P

(x=y=0),811-S1 (x =y = 0.25%), 811-S2 (x = 0.25%, y =
0.5%), and 811-S3 (x = 0.5%, y = 0.1%), respectively.

Then, the PVDF, carbon black, and NCMS811 cathode
materials were mixed with a mass ratio of 1:1:8 in NMP to
obtain the slurry. Furthermore, the slurry was coated on the Al
foil and dried at 110 °C under vacuum for 12 h. The coated Al
foil was then punched into discs (diameter 15 mm), and the
weight of the NCM811 active material on each disc was about
2.1-2.3 mg. Finally, the cathode electrodes were assembled
into coin cells with an electrolyte (LiPF), separator (Celgard),
and anode (Li metal) in a glove box.

X-ray diffraction (XRD, XRD-7000, Japan) was used to
investigate the crystal structure using a Cu K radiation in the
20 range of 10—80°. A scanning electron microscope (SEM,
JSM-5400F, Japan) coupled with an energy-dispersive
spectroscope (EDS) was used to observe the morphology
and the element distribution. The charge/discharge tests were
performed on a battery test system (CT2001A, Landian,
China) in the voltage of 2.7—4.3 V. The cyclic voltammetry
(CV) and the electrochemical impedance spectroscopy (EIS)
were acquired by an electrochemical workstation (CHI660E,
Chinstruments, China).

3. RESULTS AND DISCUSSION

3.1. Phase Structure and Morphology. Figure 1 shows
the XRD patterns of La**—AI** co-doped NCMS811. It can be

Table 1. Lattice Parameters of Pure and La*>*—AI** Co-
doped NCM811 Cathode Materials

sample a (A) c (A) c/a R = (003)/(104)
811-P 2.8736 14.2072 4.9440 1.1178
811-S1 2.8787 14.2164 4.9384 1.2104
811-S2 2.8762 14.2213 4.9444 1.2287
811-S3 2.8754 14.2242 4.9468 1.1213

observed that the positions and intensities of all the diffraction
peaks for various samples are following the standard pattern
(PDF: 74-0919) with a typical a-NaFeO, hexagonal layered
structure and R3m space group. Furthermore, no detectable
impurities can be observed, indicating that La’* and AP’* were
successfully embedded and introduced as dopants into the
NCM811 lattice. Both (006)/(102) and (018)/(110) peaks of
pure and doped samples showed significant cleavage, indicating
that La**—AI** co-doping did not influence the layered
structure.

The lattice parameters of pure and co-doped samples are
shown in Table 1. With the increasing La®" content, the ¢ value
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Figure 2. SEM micrographs of La**—AI** co-doped NCMS811
samples: (A) 811-P, (B) M811-S1, (C) 811-S2, and (D) 811-S3.

gradually increases. This could happen as the ion radius of La**
(1.03 A) is much larger than that of Ni** (0.69 A), leading to
an expanded interlayer spacing. At the same time, c/a values of
both pure and co-doped samples were large (>4.899),
indicating a well-arranged layered structure.”® Generally, the
R value ((003)/(104)) is an important parameter used to
characterize the degree of Li*/Ni*" intermixing. It can be
observed that this value first increased and then decreased as
the amount of doping agent increased. Sample 811-S2 showed
the highest R value, indicating that an appropriate amount (La
= 0.25%, Al = 0.5%) of doping could reduce the cation
intermixing.

To investigate the influence of La**—AI** co-doping on the
morphology of NCM811, SEM micrographs were taken
(Figure 2). The particle sizes of all samples were relatively
uniform without apparent agglomeration. Furthermore, all the
co-doped samples’ morphology remained quasi-unchanged,
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Figure 3. EDS investigation (A and B) and high-resolution La 3d XPS spectra (C) of sample 811-S2.
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Figure 4. Initial charge/discharge performances at 0.0S C (A), rate performances (B), and cycling performances at 1 C (C) of pure and co-doped

samples.

Table 2. Initial Charge/Discharge Specific Capacities of
La3>*—AI** Co-doped NCM811-Based Samples at 0.05 C

sample 811-P 811-S1 811-S2 811-S3
charge capacity (mAh/g) 2522 263.8 273.5 260.1
discharge capacity (mAh/g) 196.6 209.8 218.6 211.5

demonstrating that the introduction of La** and AI** had little
effect on the morphology of the NCM811 cathode material.
The EDS analysis was performed on the cross section of
sample 811-S2 particle to verify that the doping with La>* and
A" was successful (Figure 3), which confirmed that the
loading amount of AI** and La®* in this sample was about 0.21
and 0.53%, respectively. According to these results, La and Al
elements were uniformly distributed, indicating that La® and
AP* were successfully doped into the NCM811. Moreover,

XPS was carried out to explore the valence state of La dopant.
The state of La was discussed in Figure 3C, where the peak at
834.91 eV corresponded to 3ds), of La**.

3.2. Charge/Discharge Performances. Figure 4 A shows
the as-obtained samples’ initial charge/discharge performances
at 0.05 C in the range of 2.7—4.3 V (corresponding data are
shown in Table 2). The initial specific discharge capacity
increased and then decreased as the doping amount increased.
Sample 811-S2 displayed the highest initial discharge specific
capacity of 216.8 mAh/g, while the initial discharge specific
capacity of the undoped sample 811-P was only 196.6 mAh/g.
The results indicated that appropriate La*>" and AI** co-doping
could effectively increase the initial discharge specific capacity.
This is because La** doping with a large radius can enhance the
diffusion of Li*, improving the structural stability of NCM811
and efficiently strengthening the insertion/extraction process
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Figure 5. Cyclic voltammetry profiles of La**—AI** co-doped NCM811 samples: (A) the first cycle and (B) the second cycle.
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Figure 6. EIS curves of La**—Al** co-doped NCM811 samples (A) and the Z'—w~'/? relationship (B).

Table 3. Equivalent Resistance Values of La**—AI** Co-
doped NCMS811

sample R (@) R (Q) Ry (@)
811-P 42 2236 546.8
811-S1 4.1 99.8 1453
811-52 4.8 82.5 1167
811-83 3.6 136.8 635.5

of Li*."® Similarly, it was also reported that AI** could replace
the Mn** site. Thus, it can promote the conversion of Ni** to
Ni**, reducing the ratio of Ni**/(Ni** + Ni**) and decreasing
the degree of Li*/ Ni%* intermixing.

The rate performances of samples are shown in Figure 4B.
Although pure and La**—AP* co-doped samples displayed the
same performance at a low rate (0.1 C), the discharge specific
capacity of co-doped samples was much higher than that of
undoped as the discharge current increased (2—S C). For
example, the discharge specific capacity of sample 811-S2 was
98.7 mAh/g, while that of the pure sample was only 48.7 mAh/
g at 5 C. This is due to the La** and AI** co-dopants on the
layered structure and crystal development of the NCM811
cathode material.

Figure 4C presents the cycling performances at 1 C in the
range of 2.7—4.3 V. The highest initial discharge capacity
belongs to sample 811-S2 (178.6 mAh/g at 1 C), while
samples 811-P, 811-S1, and 811-S3 showed 148.2, 168.9, and
159.8 mAh/g, respectively. After 100 cycles, the discharge
specific capacity of sample 811-S2 was 134.6 mAh/g, with a
capacity retention of 75.4%. However, the capacity retention of
samples 811-P, 811-S1, and 811-S3 were only 61.8, 68.5, and
67.6%, respectively (values obtained after 100 cycles at 1 C).
Consequently, it can be affirmed that the proper amount of
La*" and AI** co-dopants can improve the cycle performances
of the NCM811 cathode material. This can be attributed
mainly to three factors. Firstly, La*" doping with a large radius
enhanced the insertion/extraction of Li* and decreased the
charge/discharge process’ impedance. Secondly, La*>* has a
stronger affinity with oxygen, which can inhibit the loss of
lattice oxygen and produce fewer oxygen vacancies. Therefore,
the doped cathode material’s layered structure became more
stable, which is beneficial to the cycle performance.” Thirdly,
AI** could act as a positive charge center that can promote the
diffusion of Li*. Besides, the intermixing degree of Li*/Ni**
was reduced due to the substitution of AI* for Mn*,
decreasing the proportion of Ni**/(Ni** + Ni**) and ensuring
the order of the NCMS811 layered structure."’

3.3. Electrochemical Performances. Figure S shows the
cyclic voltammetry curves of NCM811-based samples. All

samples have two pairs of redox peaks at 3.9 and 4.2 V. The
corresponding reduction peaks can be found around 3.6 and
4.1 V. According to previous reports, the largest redox peak
observed in the range of 3.6—4.0 V could be attributed to the
Ni?*/Ni** or Ni*' transition.”® The other pair of redox peaks
could be attributed to Co**/Co*.*’ As we know, a smaller
voltage difference between the oxidation and reduction peaks
indicates smaller potential polarization and better electro-
chemical reversibility of the cathodic material. The voltage
difference between the redox peaks of 811-P, 811-S1, 811-S2,
and 811-S3 samples was 0.65, 0.54, 0.52, and 0.66 V. The
voltage difference between the redox peaks of 811-S2 was the
smallest, showing outstanding reversibility.

The second circle of oxidation peak was observed to shift to
a lower potential due to the SEI layer formation. The offset
voltage value of 811-P was 0.28 V, while this value of sample
811-S2 was as low as 0.18 V. This indicates that the SEI layer
of sample 811-S2 is much thinner than in the case of 811-P
during the charge/discharge processes, which could enhance
the insertion/extraction of Li*. In summary, the appropriate
amount of La** and AI** can reduce the potential polarization
of NCM811, improving the reversibility and the cycle
performance. The CV results are in good agreement with the
XRD patterns (Figure 1), initial charge/discharge performance,
and cycle performance (Figure 4).

Figure 6 presents the EIS curves of La**—AI** co-doped
NCMS811, while the inset presents the equivalent circuit. The
Z-View software was used to fit the experimental data, and the
corresponding impedance values are shown in Table 3. The
impedance of the co-doped sample was significantly reduced.
The EIS layer’s resistance (Ry) and the charge transfer
resistance (R,) of sample 811-S2 were only 82.5 and 116.7 Q,
respectively. Simultaneously, the Ry and R, values of the
undoped sample 811-P were 223.6 and 546.8 €2, respectively.
This shows that the proper amount of La** and AI** co-doping
can reduce the impedance of NCMS81I, increasing the
conductivity. Besides, AI’" as a positive charge center also
promotes the diffusion of Li*. However, as the amount of
doping agent increases, the samples’ R and R, values increase
as well. This is also because the radius of La*" is relatively
large: if the doping amount is too large, the lattice distortion
increases and the order of the layered structure decreases,
increasing the cathode’s impedance. Moreover, the diffusion
coefficients of lithium-ion (Dy;*) in the cathodes were
calculated from the slopes of the fitted lines in Figure 6B;
sample 811-S2 showed the highest D;;* (6.52 X 10™"%). This is
because the La®* doping with a large radius increases the
interlayer spacing, which is beneficial to the insertion/
extraction of Li".
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4. CONCLUSIONS

La* and AI** co-doped NCM811 materials were successfully
synthesized via a solid-state reaction. The effects of doping
concentrations on the phase structure, micromorphology, and
electrochemical performance of NCM811 were discussed in
depth. The results showed that when La and Al doping
concentrations were 0.25 and 0.5%, the sample showed the
best performance in terms of capacity and retention. The initial
discharge specific capacity was 218.6 mAh/g (0.0 C) and
178.6 mAh/g (1 C). After 100 cycles at 1 C, the discharge
specific capacity was 134.6 mAh/g with 75.4% capacity
retention. These excellent performances were assigned to the
low cation intermixing, stable structure, and low potential
polarization and impedance during the charge/discharge
process after co-doping with La and Al
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