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Al-doping enables high stability of single-
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LiNig 7C00.1Mng 20, (NCM) is a kind of promising cathode material for lithium ion batteries because of its
high capacities. However, the further commercialization of this material has been seriously hindered by
the unstable structure at a deep de-lithiation state. Herein, it is identified that this drawback can be
diminished by Al-doping, which is inherently stable in the lattice framework to restrain the structural
collapse of LiNig7Cog1Mng 20, at a high cut-off voltage (4.4 V). As expected, the Al-doped NCM (NCM—
0.2Al) material obtains the highest reversible capacity and capacity retention (144.69 mA h g~*, 80.26%)
after 90 cycles at 1C. The excellent performance demonstrates that Al-doping can effectively enhance
the Li*-ion diffusion kinetic and structural stability of NCM, providing a feasible strategy for the further
industrialization of Ni-rich materials.
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Introduction

Lithium ion batteries (LIBs), widely used in portable electronic
devices and electric vehicles (EVs), have been regarded as the
most promising energy storage devices." The Ni-rich
LiNi;_, ,Co,Mn,0, cathode materials have attracted signifi-
cant attention due to their satisfactory electrochemical prop-
erties. However, the application of Ni-rich materials still has
many problems, such as cation disordering and structural
degradation, which are an intriguing field for the exploration of
excellent LIBs.>™®

According to the reported articles, the strategy of element
doping has been widely used to enhance the reversible capacity
of cathode materials at high voltage.'* Abundant cations doping
(AL™ W, V,** Mg," Zr,"* Nb'®) and anion modification (F,” N'#)
have been examined by most of researchers all over the world
over the past few years. Li et al.'* prepared homogeneously Al-
doped NCMS811 via using a co-precipitation method. The
introduction of Al-ion increases the ratio of Ni** and restrains
the cation mixing. Compared with the unmodified samples, the
Al**-doped NCMS811 cathode materials showed an excellent
cycling and rate performance with a capacity retention of 70% at
10C after 1000 cycles. Shang et al.** reported a NCM811 cathode
material with excellent capability via W-doping, its capacity
retention of 92.1% at 1C after 100 cycles under 2.8-4.5 V, which
could be attributed to the suppression of structure collapse
upon cycling and discharge voltage decline by W-doping.
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However, the homogeneity of the element doping for Ni-rich
materials remains a key area to explore for extraordinary
cycling stability.***

Based on the comprehensive consideration of the above
reasons, in this work, a simple co-precipitation method has
been designed to synthesize Al-doped precursor with small
particle size, and subsequently the Al-doped LiNi, ;C01Mng -
0, (NCM-0.2Al) single crystal is obtained by using a solid-state
method. In addition, the doping in the precursor is beneficial to
reduce the energy potential, resulting in more uniform element
distribution and less disadvantages of bonding during the later
calcination process. Notably, the NCM-0.2Al single crystal
cathode material exhibits excellent cycling ability at high cut-off
voltage of 4.4 V, owing to the designed geometry of the single
crystal and the Al-doping, which can suppress the mixing effect
and alleviate the structure collapse of the material during the
charging process.

Experimental details
Materials preparation

The typical schematic diagram for preparing the Al-doped
LiNiy 7C001Mny ,0, materials is illustrated in Fig. 1a. The Al-
doped Niy;Cop1Mny,(OH), precursors were prepared via
employing a controlled co-precipitation strategy. Typically, an
aqueous solution (2 mol L™') of NiSO,-6H,0, C0SO,7H,0,
MnSO,-H,0 with the molar ratio of 7:1:2 (Ni: Co:Mn), an
aqueous solution of AlO,~ synthesized by mixing the solution of
NaOH and Al,(SO,);-18H,0, NaOH solution (4 mol L"), and
NH; - H,O solution (10 mol L") were fed into the stainless-steel
reactor (50 L) under N, atmosphere. Then, the precursors with
different Al mass ratios (0%, 0.1%, 0.2% and 0.3%) were obtained
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Fig. 1 (a) The illustration of the formation of Al-doped LiNig7Co0q 1-
Mng >0, (NCM-0.2Al) materials; the SEM images of (b and ¢) NCMOH
and (d and e) NCMOH-0.2A|, (f and g) NCM and (h and i) NCM-0.2A,
() elemental mappings of NCM-0.2AL.

after washing and drying, which were denoted as NCMOH,
NCMOH-0.1Al, NCMOH-0.2A1 and NCMOH-0.3Al, respectively.
The Al-doped LiNi,,CoyMn,,0, materials were prepared by
calcining the mixture (LiOH-H,O and Al-doped precursors, the
Li/M molar ratio is 1.05 : 1) at 500 °C for 6 h and 850 °C for 14 h
under oxygen atmosphere, which were named as NCM-0.1Al,
NCM-0.2Al and NCM-0.3Al. For comparison, the pristine
LiNi, ;C001Mn,,0, (NCM) could be synthesized by using the
same procedure, but without Al-doping.

Materials characterization

The phase composition of the as-prepared products was char-
acterized by X-ray diffraction (XRD, Rigaku, Rint-2000, Cu Ka
radiation) with a scanning speed of 10° min~". Meanwhile, the
refined results were calculated with Rietveld method by the
GSAS software. The surface chemical valence state of all
samples was examined by XPS (Thermo ESCALAB 250XI). The
morphology and microstructure were conducted by field-
emission scanning electron microscopy (FESEM, JEOL, JSM-
6700F) with an energy-dispersive spectrometer (EDS) and
a transmission electron microscope (TEM FEI TF20 and JEM-
2100F).

Electrochemical evaluation

The electrochemical performance was investigated by CR2032-
type coin half-cells. The working electrodes were composed of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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80 wt% active materials, 10 wt% acetylene black, and 10 wt%
poly(vinylidene difluoride) as binder. NMP (N-methyl-2-
pyrrolidone) was used as the solvent. The mixed slurry was
coated onto a piece of aluminium foil, dried in a vacuum oven at
80 °C for 12 h, and then cut into discs with a diameter of 13 mm.
Lithium foil was used as the reference electrode. LiPF; (1 M) in
ethylene carbonate and diethyl carbonate (EC/DEC, 1:1 by
volume) was used as the electrolyte. Galvanostatic charge/
discharge cycling was conducted between 3.0 V and 4.4 V (vs.
Li/Li*, 1C = 170 mA h g~ ") at 25 °C with a testing system (LAND
CT2001). Electrochemical Impedance Spectroscopy (EIS) tests
were recorded with the amplitude voltage of 5 mV in the
frequency range of 10 mHz to 100 kHz through an electro-
chemical workstation (CHI760E). The cyclic voltammetry (CV)
was also performed by electrochemical workstation during 3.0-
44V.

Results and discussion

The SEM images of precursors are shown in Fig. 1(b-e). All of
the precursors display a micro-sized spherical structure with the
particle size of ~4 um, composed of many nanosheets. The
morphologies of NCM and NCM-0.2Al are also characterized by
SEM measurements in Fig. 1(f-i). The two samples show the
single crystal particles with the grains size of about 2 pm, which
are inherited from the spherical precursors with the particle
size of around 4 pm. NCM-0.2Al sample has more dispersible
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Fig. 2 XRD patterns of (a) NCMOH and NCMOH-0.2Al, (b) NCM and
Al-modified cathode materials, Rietveld refinement of (c) NCM, (d)
NCM-0.1AL (e) NCM-0.2Al, (f) NCM-0.3AL
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and exposed surfaces, which can better expose the electro-
chemical active surface and have a positive effect on the elec-
trochemical properties. All of the elements (including Ni, Co,
Mn) are evenly distributed in the bulk of NCM-0.2Al sample
(Fig. 1j), and the uniform distribution of Al element in NCM-
0.2Al sample confirms that Al ions have been efficiently incor-
porated into the NCM materials by the calcination process.

Fig. 2a displays the similar XRD results of pristine NCMOH
and NCMOH-0.2Al. The peaks of NCMOH-0.2Al shift to the
high degree compared with NCMOH, indicating the successful
introduction of Al atoms.>>* All the spectra of cathode mate-
rials (Fig. 2b) are indexed to the a-NaFeO, phase with R3m space
group (JCPDS no. 09-0063), which are consistent with the
layered structure. The Rietveld refinements results of all the
NCM samples are revealed in Fig. 2(c-f) and Table S1.1 The low
error factors (R, and Ryp) validate the veracity of refinement
results. It is indicated that NCM-0.2Al shows the highest value
of c¢/a and the lowest Li*/Ni** mixing ratio, indicating the well
layered structure and excellent Li* diffusion path of the modi-
fied NCM. The contents of Al and other elements have been
confirmed by ICP and the results have been displayed in Table
S2.%

The crystal structure of NCM and NCM-0.2Al has been
investigated by TEM and HRTEM for further, as shown in Fig. 3.
The HRTEM image of NCM taken from the selected area in
Fig. 3a displays an interplanar distance of 0.245 nm, which
matches well with the (101) plane. Meanwhile, the interplanar
distance of NCM-0.2Al is also about 0.245 nm (Fig. 3b). These
results demonstrate that the Al-doped process hardly changes
the crystal structure of the pristine materials.

In order to further verify the effect of Al-doping, XPS was
performed to investigate the chemical states and surface

10 nm

Fig.3 The TEM and corresponding HRTEM images of (a) NCM and (b)
NCM-0.2AL.
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Fig. 4 The cycling performance at 1C (a), rate capacity at various rate
from 0.1C to 2C (b) and charge—discharge curves for the 1st cycle at
0.1C (c) of NCM and Al-modified cathode materials; the charge-
discharge curves at different cycles at 1C for (d) NCM and (e) NCM—
0.2Al.

valence of NCM and NCM-0.2Al. As shown in Fig. S1,T the
reduced ratio of Ni**/Ni** of NCM-0.2Al is beneficial to
diminish the cation mixing and stabilize the structure of the
materials. Meanwhile, the reduced oxygen defects of NCM-
0.2A1 materials effectively enhanced the structural stability.>
The similar Co 2p and Mn 2p spectra for NCM and NCM-0.2Al
indicate that there is no valence change of Co and Mn element
after Al-doping.

To verify the impact of Al-doping for strengthening the
structure stability, the long cycling performance of all the
samples was performed between 3.0 V and 4.4 V at 25 °C
(Fig. 4a). At a current density of 1C, the capacity retention of
NCM-0.2Al is above 80% after 90 cycles, which is higher than
that of NCM (about 70%). Meanwhile, the sample of NCM-0.2Al
delivers the best rate capability than others, especially at high
rate (Fig. 4b). The initial charge/discharge curves of NCM and
Al-doped NCM at 0.1C are presented in Fig. 4c. The similar
profiles of all samples indicate that the doped process has no
negative effect on the lithium-ion insertion/extraction behav-
iours. Comparing the charge/discharge curves of NCM and
NCM-0.2Al cathode materials (Fig. 4d and e), the sample of
NCM-0.2Al delivers better cycling stability than that of pristine
material.

To further demonstrate the different electrochemical
behaviours of NCM and NCM-0.2Al, the differential capacity
profiles have been employed in Fig. 5a and b. The oxidation
peaks (around 3.82 V) of NCM-0.2Al at first cycle shift slightly
toward a lower potential compared with that of the pristine

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(3.94 V), indicating the reduced Ni*" contents and alleviative
polarization of NCM-0.2A1 materials by the strategy of Al-
doping.?*** In addition, the EIS results after 90 cycles (Fig. 5c,
d and Table S3f) illustrate that the sample of NCM-0.2Al
possesses the lower resistance value and higher Dy;+ (5.3278 X
107" ecm? s7') than that of NCM (4.6542 x 10~ "' em” s™ 1),
showing the superior reaction kinetics.”*”*

Meanwhile, the outstanding cycling stability of NCM-0.2Al
also has been confirmed by the cross-sectional SEM images
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Fig. 6 (a) Schematic illustration of structure for the Al-doping NCM;
SEM images of the cross-sections of the (b) NCM and (c) NCM-0.2Al
cathodes after 90 cycles at 25 °C.
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(Fig. 6b and c), which delivers unbroken crystal framework.
Based on the above results, the excellent properties of NCM-
0.2Al are mainly attributed to the stable structure enabled by Al-
doping and the vivid scheme has been illustrated in Fig. 6a.

Conclusions

In summary, the Al-doped LiNi,;C0y1Mn,,0, (NCM-0.2Al)
single crystal materials with excellent Li'-ion storage properties
were obtained by the co-precipitation and post-calcination
method. The excellent electrochemical performance of NCM-
0.2Al can be attributed to the stable structure enabled by Al-
doping, which can effectively restrain volume change during
cycling and alleviate the mixing of Ni**/Li*. In addition, NCM-
0.2Al sample owns a small charge transfer impedance and large
Li'-ion diffusion kinetic, which is beneficial to improve the rate
performance of the electrode material.
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