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The commonly used polycrystalline Ni-rich LiNi0.8Co0.1Mn0.1O2 (NCM811) cathode materials suffer from

electrochemical degradation such as rapid impedance growth and capacity decay due to their

intrinsically vulnerable grain-boundary fracture during battery cycling. To understand the effect of the

aging mechanism of the nanocrystalline grains on the cycling performance, we have investigated

polycrystalline (P-NCM811) and single-crystal (S-NCM811) nanoscale cathode materials and compared

their impact on the battery performance. Interestingly, the capacity retention of the S-NCM 811 cathode

has faded slowly after 200 cycles at 1C rate with a capacity retention of 80%, compared to the P-NCM

811 cathode with a value of 72%. In situ X-ray diffraction and ex situ scanning electron microscopy

analyses reveal that the irreversible structural and phase changes have impacted the performance of P-

NCM811, especially under varied temperature conditions. The surface side reaction and internal crystal

domains that generate structural defects were found to impair the diffusion of lithium ions and,

eventually, lead to rapid capacity fading and poor cycling stability. These results give guidance on further

developments in the particle morphology to dissipate the intrinsic lattice strain, stabilize the surface, and

modify the composition to finally attain a satisfactory cycling stability.
1. Introduction

Lithium-ion batteries (LIBs) are broadly utilized power sources
in portable electronics, electric vehicles (EVs) and energy
storage systems (EESs), due to their scalability, reliability, and
adaptability.1 However, it is still a challenge to achieve the high
energy density target by only using LiFePO4,2 LiNi1/3Co1/3Mn1/

3O2(ref. 3) or LiMn2O4(ref. 4) as a cathode and commercial
graphite as an anode. Exhilaratingly, the combination of Ni-rich
LiNixCoyMn1�x�yO2 cathodes (Ni-rich NCM, x $ 0.6) with high-
capacity silicon-carbon anodes can effectively enable high
energy density.5,6 The Ni-rich NCM positive active material has
high specic energy, high power, and long cycle life, and is
becoming the primary choice for the next generation of LIBs.7 It
is well known that a higher specic capacity can be reached as
the nickel content increases within the NCM system. However,
the practical application is constrained by the structural insta-
bility,8 low capacity retention,9 poor thermal stability,10 and
insufficient safety. Consequently, understanding the aging
mechanisms including irreversible structural collapse, surface
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side reactions, and internal crystal domains is necessary to
further develop and utilize Ni-rich cathode materials.

Conventionally, in LIBs with intercalation-based cathode
active materials, the reversible capacity of the cell is limited by
the initial concentration of lithium ions stored in the cathode.
Under ideal cycling conditions, Li+ ions are transported
between the cathode and anode, without any irrecoverable loss.
Under practical conditions, side reactions taking place during
normal operation gradually diminish the amount of lithium
that can be shuttled between the cathode and anode.3,11 For
example, when the Ni-rich cathode materials are exposed to
moist air, they promptly react with H2O and CO2 to form LiOH,
LiHCO3, and Li2CO3 coated on the particle surface.12,13 Mean-
while, the unstable Ni3+ would spontaneously transform into
Ni2+, generating active oxygen species.14 Additionally, a NiO
rock-salt structure is formed on the surface with the
consumption of Li+ and the release of lattice oxygen.15,16 The
mechanical stress induced by anisotropic volume change
indeed causes microcracking and eventual disintegration of the
Ni-rich NCM particles by inter-granular breakage.17 To reduce
these side reactions, researchers have devoted a lot of effort
towards modication, such as bulk doping,18 surface
coating,19,20 and developing new electrolyte systems21 to improve
Ni-rich NCM cathodes.

Among the ternary Ni-rich materials, polycrystalline LiNi0.8-
Co0.1Mn0.1O2 (P-NCM811) has attracted much attention as the
cathode material, which could be attributed to the outstanding
This journal is © The Royal Society of Chemistry 2022
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electrochemical performance and excellent thermal stability at
the fully charged state.22,23 Unfortunately, P-NCM811 materials
still suffered from somemajor drawbacks, which hindered their
utilization in LIBs, such as a low initial coulombic efficiency in
the rst charge/discharge process, an undesirable rate capa-
bility, and poor cycling stability.20 The breakage of poly-
crystalline particles and electrolyte inltration can lead to side
effects and rapid capacity decay, limiting their application.24,25

In addition, when ternary LIBs are working, there will be
temperature accumulation inside the battery.26,27 According to
previous reports,28 the internal temperature hardly exceeds
300 �C (if the temperature is too high, the battery will fail before
reaching such a temperature).29 In Ni-rich NCM compositions,
thermal stability, which is crucial for avoiding catastrophic
failures, as well as cycle stability drastically dropped as the
nickel content increases within the NCM system.10,30 A signi-
cant improvement in capacity retention was reported with
“single-crystalline” NCM (S-NCM).27,31 The monolithic micro-
structure of this new type of cathode material together with
coating and suitable electrolyte additives successfully reduced
the impact of parasitic processes and secondary particle
cracking, signicantly increasing the rate, cycling performance
and thermal stability.32 At present, many studies mainly focus
on improving the cycling stability of P-NCM, whereas less
attention has been paid to examine the root causes and main
inuencing factors of the electrochemical performance differ-
ences between P-NCM and S-NCM.

Herein, the aging mechanisms and thermal stability of P-
NCM811 and S-NCM811 are considered and compared. We
heated two samples to different temperatures to see the
morphology change and structural stability through ex situ
scanning electron microscopy (SEM). Moreover, in situ X-ray
diffraction (XRD) was used to observe the phase trans-
formation and irreversible change of Ni-rich single crystal and
polycrystalline materials aer different heat treatments. In
addition, cyclic voltammetry (CV) results show that there are
impurities on the surface of samples and Fourier-transform
infrared spectroscopy (FTIR) and X-ray photoelectron spectros-
copy (XPS) conrmed that the chemical composition of the
impurity is mainly Li2CO3. The XPS results veried that the
generation of a Li2CO3 layer together with a NiO rock-salt
structure is the obstacle for the delithiation reaction of bulk
NCM and seriously damages the electrochemical performance.
Finally, the domain of the high nickel cathode material was
observed by transmission electron microscopy (TEM) to reveal
the difference in the rate and cycling properties of single crystal
and polycrystalline cathodes. Through the comparison of
different aging behaviors of P-NCM811 and S-NCM811, the
design route of Ni-rich cathode materials is proposed to reach
better performance.

2. Results and discussion

The microstructure of P-NCM811 consists of spherical
secondary particles (Fig. 1a) formed by the agglomeration of
primary nanoparticles with a median particle size of 17.2 mm
(inset in Fig. 1a). Fig. S1a† shows an enlarged view of the
This journal is © The Royal Society of Chemistry 2022
particle surface agglomerates with small crystals of �1 mm. S-
NCM811 has a particle size of 2–5 mm (Fig. 1b) with a median
particle size of 3.8 mm. Different particle sizes will affect the
performance of the Ni-rich cathode material since a smaller size
could decrease the diffusion length of Li+ in the active mate-
rials33,34 and a bigger size could cause micro-crack and strain
formation during intercalation and de-intercalation.35 For
example, on the one hand, Jiang et al. showed that with the
increase of the LiCoO2 particle size from 0.8 to 2, and then to 5
mm, the thermal stability of Li0.5CoO2 was greatly improved.33

On the other hand, Zhang et al. indicated that NCM811 cathode
powder with D50 ¼ 7.7 mm displayed the best electrochemical
performance by comparing NCM811 with a D50 of 3.8, 4.1, 5.5,
7.7 and 8.6 mm, respectively.34 In addition, Strauss et al. showed
the benets of using small particles (d # 10 mm), allowing
virtually full charge capacity in all-solid-state batteries.35

Therefore, selecting an appropriate particle size is an important
factor for improving the structural stability and electrochemical
performance of active materials for LIBs. Fig. 1c shows the XRD
patterns of P-NCM811 and S-NCM811 samples at room
temperature, and it was observed that all the diffraction peaks
were clear and sharp, which indicated that the samples were
well crystallized.36 Both samples were indexed to the layered a-
NaFeO2 structure with an R3m space group.27 Rietveld rene-
ments of XRD patterns with the lattice parameters are listed in
Table S1.† The lattice constants a and c of P-NCM811 are a ¼
2.874 Å and c ¼ 14.208 Å, but those values of S-NCM811 change
to a ¼ 2.884 Å and c ¼ 14.246 Å, respectively. Especially, the c
value of S-NCM811 is larger than that of P-NCM811 because of
smaller Ni3+ (Table S1†). Generally, the intensity ratio of (003) to
(104) peak (I(003)/I(104)) is indicative of the degree of cation
mixing in the layered structure with an R3m space group. Ni2+

ions (0.69 Å) which have a similar ionic radius to Li+(0.76 Å)
tend to migrate to Li slabs.37 The high value of I(003)/I(104) and
c/a (>4.899) indicated good cation ordering and a layered
structure, respectively.10 Fig. S2† displays the chemical compo-
sition of NCM, analyzed by using inductively coupled plasma
optical emission spectroscopy (ICP-OES) (detailed value in
Table S2†), which gives the total amount of each element
regardless of its spatial distribution and phase. The proportion
of Ni : Co : Mn is close to 8 : 1 : 1 for both P-NCM811 and S-
NCM811. These two samples were heated to different temper-
atures to explore the difference in thermal stability between
single-crystal and polycrystalline Ni-rich cathode materials.
Fig. 1d shows that the volume change rate of P-NCM811 is larger
than that of S-NCM811 with the increase of temperature. The
thermogravimetric (TG) analysis of P-NCM811 and S-NCM811 is
shown in Fig. S3,† which further veried that S-NCM811 has
better temperature stability than P-NCM811. To improve the
structural stability and electrochemical performance of poly-
crystalline Ni-rich cathodes, a method must be developed to
dissipate the internal stress caused by the detrimental phase
transition due to heat38 or electrochemistry.6,12 As shown in
Fig. 1e, one proposed method is to control the primary particle
orientations to form a uniform geometry, such as petal-like
single-crystal aggregation into secondary particles as a poten-
tial scheme to improve thermal stability so that the primary
J. Mater. Chem. A, 2022, 10, 19680–19689 | 19681
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Fig. 1 SEM images of (a) P-NCM811 and (b) S-NCM811. (c) XRD patterns. (d) Volume change. (e) Scheme of thermal aggregation failure
comparison between single-crystal and polycrystalline Ni-rich cathode materials and proposed solution.
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particles contract and expand uniformly rather than in
a random direction.

The NCM systems with a progressively higher nickel content
from NCM 111, 532, 622, to 811 follow a steady trend in
decreased cycling stability and safety.7,39 Similarly, the struc-
tural stability of NCM materials will also decrease with the
increase of nickel content; especially when the battery works, it
will give off heat, which has a great inuence on the structure of
Ni-rich cathode materials.10,40 Therefore, ex situ SEM was
employed to observe the structural changes of P-NCM811 and S-
NCM811 aer heat treatment at room temperature, 100, 200
and 300 �C, which are shown in Fig. S4.† As the temperature
increases, the cracks of P-NCM811 increase, and the irreversible
19682 | J. Mater. Chem. A, 2022, 10, 19680–19689
morphological changes become more obvious (Fig. S4a2 and
S4a3†), and the secondary particles break into hemispherical
particles (Fig. S4b2†) or even smaller particles (Fig. S4b3†).
However, for S-NCM811, with the increment of temperature,
single crystal particles only have some cracks without complete
rupture, as shown in Fig. S4d1 and S4d2.† The broader and
consistent cracks of P-NCM811 are summarized in Fig. S5.†
Hence, it can be seen from the ex situ SEM results that the
temperature resistance of single crystal particles is better than
that of polycrystalline particles. As reported in the literature,
local stress concentrations are produced in micro-cracks along
the inter-particle boundaries.41 Micro-cracks allow the inltra-
tion of electrolytes into the interior of the secondary particles
This journal is © The Royal Society of Chemistry 2022
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and expose the internal surfaces to be attacked by the electro-
lytes.42 These micro-cracks undermine the mechanical integrity
of the cathode particles in addition to the loss of electro-
chemical activity from the parasitic reactions at the cathode–
electrolyte interfaces.43 Thus, suppressing the micro-cracking is
key to alleviate the rapid capacity fading of Ni-rich layered
cathodes. Removing the inter-particle boundaries by developing
single-crystalline cathodes has emerged as a promising
strategy.44 Single-crystalline cathodes, free from inter-particle
micro-cracking, are shown to improve cycling and thermal
stability by minimizing parasitic surface degradation.

In situ XRD was employed to further investigate the struc-
tural stability difference, especially, the phase and volume
changes in the crystal structure of P-NCM811 and S-NCM811
during the heating process (Fig. 2). The two samples were
heated from room temperature (25 �C) to 300 �C, measuring
them every 25 �C, and nally measuring again aer dropping to
room temperature to observe the irreversible crystal phase and
volume changes. When scanning every 25 �C, the peak position
is always shied to the le as shown in Fig. 2a and b. An
expansion along the c axis is expected from the shi of (003) to
a lower angle, also seen from Table S3.† The c value of P-
NCM811 at the initial state is 14.208 Å, which increases to
14.281 Å at 300 �C. When the temperature drops to room
temperature, the c value is 14.219 Å. However, for S-NCM811,
the c value is consistent with that in the initial state aer the
same heat treatment process. This is because the increasing
temperature led to an increased repulsion force between two
neighboring TM-O slabs and an increased lattice parameter
along the c axis resulting in a decreased in 2q of the (003) peak.
It is exceptionally comparable to the delithiation process during
charging.41 In Fig. 2c, the different axial and volume changes
aer heat treatment of P-NCM811 were stronger than those of S-
NCM811, which demonstrated that the phase transition of
polycrystalline materials with temperature increase is more
intense than that of single crystal materials. As shown in Fig. 2d,
the phase change of a single crystal is drastic, but the recovery is
better. Herein, both ex situ SEM and in situ XRD results show
that single crystal materials have better structural stability.

Because of the different structural stability, P-NCM811
shows quite different electrochemical performance compared
with S-NCM811. The NCM/lithium half cells were rst cycled at
0.2C rate for three cycles of activation and then cycled at 1C rate
between 2.8 V and 4.3 V. The initial charge–discharge proles at
0.2C rate of P-NCM811 is 174.4 mA h g�1 and 138.2 mA h g�1 in
the 10th cycle (1C rate). Meanwhile, the initial charge–discharge
proles at 0.2C rate of S-NCM811 is 197.9 mA h g�1 and
161.8 mA h g�1 in the 10th cycle (1C rate), as shown in Fig. 3a
and 3b. The rate performance of S-NCM811 is much better than
that of P-NCM811 from 0.2C to 2C rate (Fig. 3c). Similarly, the
capacity of S-NCM faded slowly aer 200 cycles at 1C rate with
a capacity retention of 79.7%. In contrast, the capacity retention
of P-NCM811 aer 200 cycles at 1C is only 72.1%. The rapid
capacity fading of P-NCM811 cathodes is largely caused by the
side reactions at the formed micro cracks and electrolyte
interface, resulting in the buildup of NiO-like rock salt phases.6,9

In contrast, owing to the fast lithium-ion pathways and stable
This journal is © The Royal Society of Chemistry 2022
structure of S-NCM811, the electrochemical results show that
the single-crystal material not only has a higher specic capacity
but also has better rate performance and cycle stability.

In order to nd out the impact of the surface state on the
electrochemical performance, cyclic voltammetry (CV) charac-
terization was performed for the rst three cycles and aer 200
cycles at a scan rate of 0.05 mV s�1 with an upper cut off voltage
of 4.5 V. In Fig. 3e and f, three pairs of redox peaks are observed
from 2.8 to 4.5 V corresponding to the different phase trans-
formations, as reported in other literature.6,45 The original
layered structure (H1) transitioned to a monoclinic phase (M) at
�3.75 V, M-H2 transitioned at �4.0 V and H2–H3 transitioned
at �4.2 V, where H2 and H3 are two hexagonal phases. Notably,
a common feature that is easily observed for CV data is the
evident difference between the initial delithiation peak (purple
line) and that upon the following cycles. There is an activation
process comparing the rst and the following cycles in the CV of
P-NCM as shown in Fig. 3a. The activation potential is 3.84 V for
P-NCM811 and there is less obvious activation behavior in S-
NCM (Fig. 3b). The activation potential should be mainly
caused by the surface impurity lm (the bulk structure rear-
rangement of the Li2CO3 surface lm).37,46,47 The impurity
surface lm serves as a barrier for the lithium (de)insertion
reaction's kinetics.12 The P-NCM811 sample with a more surface
impurity layer displays a muchmore obvious activation process.
However, aer cycling for 200 cycles, both P-NCM811 (Fig. S6a†)
and S-NCM811 (Fig. S6b†) have no obvious activation behavior.
The peak potential shis towards the le with cycling, which
suggests that the degradation reaction of Li2CO3 occurs during
the subsequent cycling.48 The cycling stability of a single crystal
is better than that of the polycrystalline cathode material from
the CV curves aer 200 cycles because the CV changes in P-
NCM811 (Fig. S5a†) is signicantly faster than that from S-
NCM811 (Fig. S5b†), which is also consistent with the cycling
results (Fig. 3d).

The chemical states of the surface elements were also
investigated by X-ray photoelectron spectroscopy (XPS). The
main elements are displayed in Fig. 4a, with their ne sections
shown in Fig. 4b–f. The surface of the two samples is dominated
by C and O. To get a better understanding of the surface
chemistry, the C 1s and O1s spectra are analyzed with MultiPak
soware as shown in Fig. 4b and c. The C 1s spectra can be
divided into three peaks corresponding to CO3

2� (289.8 eV),
C]O (286.5 eV), and C–C (284.8 eV). The area proportion of the
peak at 289.8 eV (CO3

2�) is 17.8% and 9.4% for P-NCM811 and
S-NCM811, respectively. The O 1s spectra can be tted with two
peaks, indexed to Oimpurity (531.9 eV) and Olattice (529.5 eV). The
Oimpurity is mainly originated from the active oxygen species O�,
O2�, or CO3

2- of the Li2CO3 impurity layer. The Olattice is derived
from the lattice oxygen O2� of the M–O (M ¼ Ni, Co, Mn) bond.
Note that the area percentage of Olattice is 2.8% for P-NCM811
and 43.2% for S-NCM811. It infers that the surface of P-
NCM811 is covered by an impurity layer, mainly composed of
Li2CO3. This is inconsistent with the weak signals of transition
metal elements in Fig. 4d–f. The peaks of Ni 2p (873 and 855 eV),
Co 2p (796 and 780 eV), and Mn 2p (654 and 643 eV) can be seen
S-NCM811, but they are not apparent in P-NCM811. The
J. Mater. Chem. A, 2022, 10, 19680–19689 | 19683
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Fig. 2 In situ XRD of (a) P-NCM811 and (b) S-NCM811 cathode materials. Detailed 2q degree ranges of 18.0–19.0� and 43.5–45� are also
displayed. (c) Lattice and volume change. (d) The change of c/a with the increasement of the temperature.
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reduced signal is mainly caused by the thick impurity layer on
the surface.49

Fourier transform infrared spectroscopy (FT-IR) was applied
to investigate the surface chemical composition of the two
samples as shown in Fig. S7.† The peak at 530 cm�1 represents
the metal–oxygen bond (M–O, M ¼ Ni, Co, Mn), which is
19684 | J. Mater. Chem. A, 2022, 10, 19680–19689
observed in the two samples. The peaks at 1488 and 1438 cm�1

are caused by the antisymmetric stretching vibration of the
–CO3 group and the peak at 868 cm�1 is due to the out-of-plane
bending vibration of the –CO3 group. These peak signals indi-
cate that the impurities are composed of carbonate. Further-
more, it has been recognized that these surface impurities are
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The charge–discharge curves of (a) P-NCM811 and (b) S-NCM811. (c) Rate and (d) cycling performance. Cyclic voltammetry charac-
terization of (e) P-NCM811 and (f) S-NCM811 at the initial state.
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electrochemically inactive due to their poor electronic conduc-
tivity and low lithium ion conductivity.50 Therefore, reducing
the amounts of lithium residual impurities is very important
because they block the channels for Li-ion transportation. In
our previous study, we addressed the failure and recovery
behaviors of stored Ni-rich NCMs, and proposed a simple and
effective method to remove these barriers using high-
temperature calcination with an oxygen ow (e.g., 800 �C for 3
h).51 During this process, the lithium ions in the Li2CO3 layer
can return to the lattice, and the rock-salt phase can be trans-
formed back to the original layered structure with the oxidation
of Ni2+ and Ni3+.

To better see the lattice structure of single crystal and poly-
crystalline materials, detailed structures near the surface region
are claried in the high-resolution TEM images. We used Cyro-
Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) to
This journal is © The Royal Society of Chemistry 2022
prepare samples. The detailed process is shown in Fig. S8† to
obtain fragment samples. Fig. 5 displays the high resolution
TEM and fast Fourier transformed (FFT) images of P-NCM811
and S-NCM811. As shown in Fig. 5a, the surface region of P-
NCM811 forms an impurity later consisting of a mixed phase
of the NiO phase and Li2CO3 lm. The Li2CO3 layer is formed by
the interaction between the active Li+ in the near-surface lattice
and H2O/CO2 in air, which is in agreement with the CV, XPS and
FTIR results. During this process, Ni3+ can spontaneously
reduce to Ni2+ to produce the NiO rock-salt structure. The thick
Li2CO3 layer and the inactive NiO phase will become dual
barriers to the kinetics of bulk NCM materials. In Fig. 5b, there
are crystal domains in polycrystalline materials and the lattice
gaps on both sides are different, which directly leads to poor ion
mobility. The results are also in good agreement with the
measured values in ref. 32 and 51. Fig. 5c and d show more
J. Mater. Chem. A, 2022, 10, 19680–19689 | 19685
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Fig. 4 Surface elements of S-NCM811 and P-NCM811 determined through XPS analysis (a). XPS spectra of (b) C 1s, (c) O 1s, (d) Ni 2p, (e) Co 2p
and (f) Mn 2p.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
5/

20
24

 7
:2

0:
53

 A
M

. 
View Article Online
crystal domains found in P-NCM811. However, S-NCM811 only
demonstrated the rhombohedral phase (Fig. 5e). The TEM
analysis also strongly suggests that P-NCM811 is more likely to
have a disordered inner and surface structure, resulting in
worse cycling stability and rate performance. In addition, high-
Fig. 5 HR-TEM and FFT images of P-NCM811 (a–d) and S-NCM811(e).

19686 | J. Mater. Chem. A, 2022, 10, 19680–19689
resolution TEM revealed that a NiO rock-salt structure was
formed in the near-surface region of P-NCM811. The Li2CO3

layer together with the NiO rock-salt structure is the obstacle for
the delithiation reaction of bulk NCM and seriously damages
the electrochemical performance.
This journal is © The Royal Society of Chemistry 2022
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3. Conclusion

In summary, the aging behaviors of Ni-rich cathode materials
were carefully investigated by comparing P-NCM811 and S-
NCM811. Firstly, in situ XRD and ex situ SEM show that poly-
crystalline materials have higher irreversible properties than
single crystals with the increase of temperature, resulting in
poor cycling and rate properties. In addition, CV results shows
that there are impurities on the surface of samples and FTIR,
XPS, and TEM conrmed that the chemical composition of the
impurity is mainly Li2CO3. The XPS results veried that the
generation of the Li2CO3 layer together with a NiO rock-salt
structure is the obstacle for the delithiation reaction of bulk
NCM and seriously damages the electrochemical performance.
Furthermore, high-resolution TEM revealed that the NiO rock-
salt structure was formed in the near-surface region. And the
TEM results also show that there are many crystal domains in
the polycrystalline high nickel positive electrode, which will
prevent the rate performance. Surface side reaction and internal
crystal domains that produce structural defects were discovered
to impair lithium ion diffusion and, as a result, lead to rapid
capacity fading and poor cycling stability. Looking forward,
from the perspective of material design, we need to combine the
advantages of polycrystalline and single-crystal materials to
achieve safer and higher energy density Ni-rich cathode
materials.

4. Experimental section
4.1 Preparation of cathode materials

The commercial Ni-rich LiNi0.8Co0.1Mn0.1O2 was supplied by
Hunan Changyuan Lico Co. Ltd (China).

4.2 characterization

The morphologies of particles were observed by using a SEM
SU8010 (Hitachi Corporation, Japan). The crystal structure was
characterized by using XRD with a Bruker D8 Advance diffrac-
tometer (Bruker, Billerica, MA), which operated at 40 kV and 40
mA with Cu Ka radiation at a scan rate of 5� min�1 from 10�–
90�. XPS was performed on a PHI 5000 Versaprobe II (Ulvac-Phi,
Japan) using an Al Ka (1486.6 eV) excitation source, and the
binding energy was corrected with C 1s (284.8 eV) as a reference.
TEM was performed on a Tecnai G2 F30 (FEI, Hillsboro OR) to
record the microstructure and surface lattice images. ICP-OES
was carried out on an ARCOS II MV (Spectro, Germany) to
distinguish the chemical composition of the two samples. FT-IR
was performed by using a Nicolet iS 50 (Thermo Fisher Scien-
tic, Waltham, MA) with the pellet method over the range of
400–4000 cm�1. The particle size distribution was measured by
using a Mastersizer 2000Hydro 2000MU (Malvern, England)
with an ultrasonic frequency of 50 Hz and utilizing deionized
water as a dispersing agent.

4.3 Electrochemical measurements

The electrochemical performance was tested in coin-type cells
(CR2032). The NCM powder was mixed with carbon black and
This journal is © The Royal Society of Chemistry 2022
polyvinylidene uoride (PVDF) in a weight ratio of 8 : 1 : 1 in N-
methyl-1,2-pyrrolidone (NMP) solvent. The slurry was spread
onto Al foil by utilizing the doctor blade method and dried in
a vacuum oven at 110 �C overnight, and then punched into discs
of 12 mm diameter. The active material loading level was
controlled to be �3 mg cm�2. The CR2032 coin-type cells were
assembled with the cathode, a Li metal anode, a separator
(Celgrad 2400), and an organic electrolyte (1 M LiPF6, EC/DMC/
FEC 1 : 1 : 1 vol%) in an argon-lled glovebox (LABstar
MBRAUN, Germany). The cycling and rate performances from
0.2C to 2C (1C ¼ 170 mA h g�1) were assessed on a battery
testing system (LAND CT 2001A, China) between 2.8 and 4.3 V at
25 �C. Cyclic voltammetry (CV) was performed on a VMP3
system (Bio-Logic, France) with a scan rate of 0.05 mV s�1 in
a voltage window of 2.8–4.5 V.
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