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Layered cathode materials have been successfully commercialized and applied to electric vehicles. To further improve
improve the energy density of these marterials is still the main efforts in the market. Therefore, developing high-voltage
LiNiyCoyMn;Oy (x+y+z =1, NCM) to achieve high energy density is particularly important. However, under high
voltage cycling, NCM often exhibits rapid capacity degradation, which can be attributed to oxygen release, structural phase
transition and particle cracking. In this work, the representative single-crystal LiNig 5Cog.2Mng 30, (NCMS523) was studied
under various high charge cut-off voltages. Analysis by x-ray diffraction (XRD), transmission electron microscope (TEM)
and electron back scatter diffraction (EBSD) measurements indicated that the rock-salt phase is formed on the surface of
the particles after high voltage cycling, which is responsible for the increase of impedance and the rapid decay of capacity.
Therefore, inhibiting the formation of rock-salt phase is believed an effective strategy to address the failure of NCM under
high voltages. These findings provide effective guidance for the development of high-voltage NCM.

Keywords: high voltage, Li-ion battery, phase transition, LiNi,CoyMn,0O,

PACS: 82.45.-h, 82.45.Yz

1. Introduction

Since the development of LiCoO;, for commercial ap-
plications, high energy density, high safety, long life and
low cost are the demands for a new generation of lithium-
ion batteries. The LiNi,Co,Mn;0; (x+y+z = 1; NCM;
280 mAh/g) has a higher theoretical specific capacity than
LiFePOy4 (170 mAh/g) and LiMn,O4 (150 mAh/g), which may
become the most powerful competitor in the new generation
of battery materials.!'#! The safety and stability of NCM can
be improved by adjusting the atomic ratio of transition metals
(TMs), which has been successfully applied in mobile elec-
tronic devices and power vehicles. In order to improve the
energy density, Ni-rich and Co-poor NCMs have been widely
developed and applied, but the cycle performance is seriously
affected due to a series of side reactions and irreversible phase
transitions. Therefore, recent attention is focused on adjusting
the charge cut-off voltage of NCM and optimizing the elec-
trolyte composition to obtain higher energy density. How-
ever, at high operating voltage (> 4.4 V), the charge com-
pensation process of NCM could be changed due to the deep
lithium removal. At lower voltages (< 4.4 V), TM partici-
pates in the charge compensation by valence change, while
at higher voltages (> 4.4 V), the anions participate in charge
compensation to form peroxide (O ™) or oxygen.! In addi-
tion, Li™ extraction will aggravate Li/Ni mixing and result in
irreversible phase transition generating spinel phase and rock-
salt phase.!%7] The dissolution of transition metal'®! and par-
ticle cracking due to inhomogeneous stress distribution!®-13]
also restrict the applications of high voltage NCM.
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In this paper, the commercial single-crystal
LiNig 5Co092Mnp 30, (NCM523) was used to investigate the
cycle performance under different charging cut-off voltages.
The crystal structure and surface phase transition process
of NCM523 after high voltage cycling were investigated by
means of x-ray diffraction (XRD), transmission electron mi-
croscope (TEM) and electron back scatter diffraction (EBSD),
and the surface structure degradation under different cut-off
voltages was understood for improving the performance of
NCM materials under high voltages.

2. Experimental materials and equipment

The tested electrode was made of commercial single crys-
tal NCM523 material, mixed with an appropriate amount of
conductive carbon and binder (PVDF) dissolved in NMP, and
coated on the surface of Al foil. The full battery used graphite
as anode, NCM523 as cathode, 1 M LiPFg in EC/DMC
(1:1 vol/vol) as electrolyte. The charging and discharging
process was carried out at 0.33 C between 2.8-4.4 V, 2.8—
4.5 V and 2.8-4.6 V. All cycling tests were performed on a
NEWARE battery tester, and the EIS test was performed on
an AutoLab electrochemical workstation (frequency range of
1 MHz to 1 mHz). The XRD test was conducted on Bruker
D8, with Cu Ko as the radiation source, the scanning range
was 15°-85°, and the scanning speed was 5 °/min. the cross-
sections of the particles were polished using a cooling cross-
section polisher (IB-19520CCP, JEOL). The TEM sample was
fabricated by the focused ion beam (FIB) on Scios DualBeam
double-beam electron microscope. All TEM tests were per-
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formed on the JEM2100 equipment produced by Nippon Elec-
tronics. Scanning electron microscope (SEM) test was per-
formed on the field emission scanning electron microscope
Zeiss Gemini360. EBSD was performed using the Oxford
Nordly max3.

3. Results
3.1. Electrochemical performance

Figure 1(a) shows the charge—discharge cycle curve of
NCMS523 half-cell at 0.05 C (1 C = 6.6 mA), the specific
capacity of NCM523 at 4.55 V is 170 mAh/g for the initial
cycle. The capaciy decays faster in the accelerated decaying
test (45 °C) as the charge cut-off voltage increases from 4.4 V
to 4.6 V. Especially at 4.6 V, capacity fade to less than 80%
around 150 cycles, as shown in Fig. 1(b). To eliminate the
influence of the dynamics factors, the half cell was further dis-
charged to 2.85 V at very low rate of 0.04 C after discharging
from 0.33 C to 2.85 V. After 150 cycles at the cut off voltages
of 4.4/4.5/4.6 V, the half-cell was cycled at 0.33+40.04 C, and
the power capacity loss was obtained (0.33 C), as shown in
Fig. 2(a). There is basically no irreversible capacity loss af-
ter 150 cycles at 2.8—4.4 V. For the 2.8-4.5 V cycle, the ca-
pacity loss is 12.9% at 150 cycles, most of which is caused
by the reversible capacity loss (10.05%). The capacity loss
is the largest after 150 cycles of 2.8-4.6 V cycle, reaching

Capacity fading

29.2% (0.33 C+0.04 C), of which irreversible loss accounts
for 14.24% and power loss accounts for 14.95%. It can be
seen that the higher the cycle voltage results in the larger the
capacity loss, and it mainly comes from the power loss. The
reversible loss is mainly considered to be the slowing down of
the kinetic process. The power loss is often considered to be
the capacity attenuation caused by the loss of active materi-
als. Figure 2(b) show the dissolved TMs ions on the negative
electrode of samples after 150 cycles at different cut-off volt-
ages detected by inductively coupled plasma-optical emission
spectrometer (ICP-OES). The results show the sample at low
cut-off voltage has much less TMs ions dissolution. Although
the amount of Mn dissolved is the largest, the overall amount
of TMs dissolved are relatively small. Therefore, the dissolu-
tion of TMs is not the main reason for capacity decay.
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Fig. 1. NCM523 cycle performance. (a) 0.05 C charge—discharge curve of
NCMS523 half-cells at different cut-off voltages. (b) The capacity retention
curves with different cut-off voltages at 45 °C (4.4 V, 4.5V, 4.6 V).
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Fig. 2. (a) Capacity loss of half-cells (Li|[NCM) under different cut-voltages. (b) The dissolved TMs ions on the negative electrode after 150
cycles. (c) After the pole piece is disassembled, the positive pole piece is made into a symmetrical battery EIS curve.

Electrochemical impedance spectroscopy (EIS) analysis
was performed on the symmetrical battery made of the disas-
sembled NCM523 electrode to study the interfacial impedance
change. Figure 2(c) shows the relationship between the
impedance change and the cut-off voltage. An obvious semi-
circle can be observed, corresponding to the electron transfer
process (R.). According to the results, R at 4.6 V is much
larger than that at the lower charge cut-off voltages (4.4 V and
4.5 V) during cycling. The surface film impedance Ry varies
less with the cut-off voltages relative to R, which can be ig-
nored here. It can be seen that the capacity attenuation during
cycling at high voltages may be related to the increase in the
charge transfer impedance (R.) of the electrodes. In the fol-

lowing discussion, we will focus on the origin of the increased

charge transfer resistance of the samples cycled at high charge
cut-off voltages by analyses that consider both the bulk and
surface structure.

3.2. Phase transition behavior

In order to study the reason of capacity decay during
high voltage cycling, the bulk structure of NCM523 after cy-
cling was first examined using XRD. Each sample at the dis-
charged state (2.8 V) after 150 cycles was collected and ana-
lyzed. By comparison, it is found that all the samples show the
hexagonal a-NaFeO, structure of the R-3m space group, and
no significant structural degradation and new phase formation
was observed (Fig. 3). It is known that Ni*t (0.69 A) and
Lit(0.76 A) are similar in the atomic radius. In the NCM, the
Li vacancy (3b site) left in the Li slab after Li™ extraction is

128202-2



Chin. Phys. B 32, 128202 (2023)

easily occupied by Ni*>*, forming the “cationic mixed phase”
or “cation disorder”.!'*] The ratio of (003) diffraction peak in-
tensity to (104) diffraction peak intensity /(go3)/(104) s often
used to analyze the degree of cation mixing in the XRD spec-
trum. The smaller is the value of /(po3)/(104), the more severe
is the cation mixing.!'>! A large number of studies have shown
that the cation mixing facilitates the blocking of the Li* chan-
nel due to the larger diffusion barriers in the Li layers. It can
be seen that a higher degree of cation mixing was observed for
samples that were operated at higher voltages. This indicates
that the electrode polarization becomes more severe when cy-
cled at high voltages consistent with the larger resistance value
(Fig. 2(c)).l16:171
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Fig. 3. Comparison of XRD patterns before and after 150 cycles of high
voltage cycling.

Fig. 4. SEM images before and after high voltage cycle. (a) The cross-
sectional SEM image of fresh electrode. (b)—(d) The cross-sectional SEM
images after 150 cycles at different cut-off voltages.

During the charging process, the NCM usually under-
goes a series of phase change. For example, in the single-
crystal NCMS811 system, the phase transition sequence be-
tween 2.8 V and 4.6 V is HI-M—H2—H3.[151 In addition,
in the process of charging and discharging, the lattice expan-
sion and contraction generate increased micro-stress, resulting
in micro-cracks in the particle, and deteriorating the electronic
conductivity.!''! The electrolyte enters the interior of the par-
ticle via these crack networks and decomposes to form CEI,

which affects the transport of electrons and ions at the inter-
face. The SEM was carried out to observe the cross-sections
of the electrode at different cut-off voltages. Figure 4 shows
the SEM images of the full-discharged NCM523 (particle size
is about 2-5 pm) before and after the cycle. It can be observed
that the particles remain intact even in the 2.8—4.6 V cycle, and
there is no particle cracking, suggesting that the reason for the
rapid attenuation of capacity at high voltage is not related to
the micro-cracks of particles.

Cation mixing
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Fig. 5. Atomic resolution STEM images of NCM523 after different
cut-off voltages. The HADDF-STEM images of (a), (b) 2.8-4.5 V after
150 cycles. (b) The high-resolution STEM image indicated by yellow
dotted rectangle in (a). (c), (d) STEM images after 150 cycles under
2.8-4.6 V conditions 150 cycles. (d) The high-resolution STEM image
indicated by yellow dotted rectangle in (c).

The above XRD data analysis indicates that the /(oo3)/(104)
value decreases with the increase of the cut-off voltage,
demonstrating that the cation mixing is more severe at high
voltage. It was reported that the particle surface contact with
the electrolyte is prone to the phase transition of the layered
structure, from the layered R-3m to the rock-salt phase NiO-
like (Fm-3m) or the spinel-like phase, thereby destroying the
active Li site, blocking the lithium intecalation channel, and

I7.18] 1n order to further ex-

decreasing the ionic conductivity.!
plore the surface structure phase transition and cation mixing
phase, the HADDF-STEM analyses were performed. After
150 cycles, the cation mixed phase with a thickness of about
2 nm appeared on the surface of NCM cycled between 2.8—
4.5V (Figs. 5(a) and 5(b)). The thickness of the surface cation
mixed phase is larger after 4.6 V cycling than 4.5 V cycling.
Meanwhile, a reconstruction layer of 5—10 nm appears on the
outermost surface and along the lithium diffusion channels.
The high-resolution STEM can clearly recognize the recon-

structed layer as a rock-salt phase(NiO) structure (Figs. 5(c)
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and 5(d). Since the STEM imaging is located, in order to fur-
ther count the distribution of salt rock phase, the argon ion
beam was applied to polish the cathodes after the 2.8-4.6 V
cycling, and the smooth and clean surface is obtained. EBSD
test can observe a wide range of crystal structure phase transi-
tion (Fig. 6). For the as-prepared cathodes, the EBSD results
showed that the crystal plane orientation was relatively ran-
dom, without obvious meritocratic orientation, and the parti-
cles were of single crystal type, with well-defined grains and
agglomerates inside the particles. For the samples after 2.8—
4.6V cycling, the rock-salt phase (NiO) appears and has a spe-
cial orientation relationship with the layered structure, which
is consistent with the above STEM results.

Fig. 6. EBSD images of (a) fresh NCM523 electrode and (b) after 150
cycles under 2.8-4.6 V. The color represents crystal direction. As for
fresh electrode, each particle contains only one color, which represents
a single crystal particle. The particles contain other crystal orientations,
indicating phase transformation after cycling.

The formation of surface rock-salt phase is related to
cation exchange and cation migration, which is attributed to
the similar radius of Li* and Ni**, and the low energy bar-
rier of Lit/Ni?* exchange, which is easy to occur in NCM.
The process of Li*/Ni>* cation mixing and Ni** migration
is related to the formation of Li vacancies after extracting
lithium from NCM, and the above process occurs most obvi-
ously when more lithium is extracted at high voltage.!'8! Dur-
ing the charging process, Li* is gradually removed from the
particle surface. The Li-removed NCM is thermodynamically
unstable, and the surface oxygen is active and is lost at high
voltage. Since the formation energy of Li/Ni mixing in NCM
is relatively lower than that of Li/Co or Li/Mn, a large amount
of cation exchange between Li/Ni occurs in NCM, and then

the Ni atoms that are located in Li layers, migrated to the par-
ticle surface, leading to the enrichment of Ni on the non-(001)
surface and the growth of rock-salt phase in the reconstructed

r.119211 The formation of salt rock phase leads to the loss

laye
of active Li sites, and hinders the lithium diffusion. The varia-
tion of charge transfer resistance above 4.4 V can be attributed
to the rock-salt or cation mixing phase that exist more pro-
foundly on the surface of the 4.6 V charged samples than on
the 4.4 V charged sample. [>>23]

Elemental doping is feasible for preparing layered ma-
terials with high-voltage stability. Doping elements into the
material lattice can enhance the O-TM bonding, improving
the structural stability and suppressing the oxygen release. As
mentioned above, the electrolyte decomposition at active ma-
terial surface significantly affects the performance of the cath-
odes at high charge voltages. Surface coating can act as a
physical protection barrier to isolate the active materials from
the electrolyte and inhibit the generation of CEI at high work-
ing voltage. The common coating materials mainly contain

5, 12425

oxide I phosphates 2! and fluorides. )

4. Conclusion

In this paper, NCM523 is used to explore the cycle perfor-
mance under different cut-off voltages (2.8-4.4 V, 2.8-45V
and 2.8-4.6 V). Under the condition of 45 °C as the acceler-
ation factor, the higher is the cut-off voltage, the faster will
be the capacity decay. Among them, the capacity of the 4.6 V
charged material decays by 80% after 150 cycles, which is due
to power loss. Further analysis shows that the R.¢ undergoes
a substantially larger increase during cycling at high voltages.
Combined with XRD and STEM, it was found that there was
no obvious phase transition and cracking in the bulk of the
material. High-resolution STEM and EBSD confirmed that
the layered structure on the surface of the particles changed to
the mixed phase or rock-salt phase after cycling at high volt-
ages. Therefore, the phase transition near the surface at high
voltages is mainly responsible for capacity degradation. Our
understanding provides an important reference for further im-
proving the high-voltage NCM523 performance.
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