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ABSTRACT: Nickel-rich LiNi,Co,Mn;_,_,O, (nickel-rich NCM, 0.6 < x < 1) cathode materials suffer from multiscale reaction
heterogeneity within the electrode during the electrochemical energy storage process. However, owing to the lack of appropriate
diagnostic tools, the systematic understanding and observation on the redox reaction heterogeneity at the individual secondary-
particle level is still limited. Raman spectroscopy can not only reflect the depth of the redox reaction through probing the vibrational
information on the metal—oxygen coordination structure but also sensitively detect the local structure changes of different regions
within the secondary particle with suitable spatial resolution. Therefore, Raman spectroscopy is applied here to conveniently conduct
the high-resolution and in-depth analysis of the rate-dependent reaction heterogeneity within nickel-rich NCM secondary particles.
It is found that, under high-rate conditions, the oxidation/reduction reaction mainly occurs in the surface region of the particles and
the cause of this particle-scale reaction heterogeneity is the limitation of the slow solid-phase Li" diffusion and the transient
charging/discharging processes. In addition, this reaction heterogeneity would aggravate the structural instability of the material
continuously during the charging/discharging cycles, thus resulting in a slowdown in the kinetics of Li* de/intercalation and the
apparent capacity decay. This work can not only provide fundamental insight into the rational modification of high-power nickel-rich
NCM materials but also guide the setting of electrochemical operating conditions for high-power lithium-ion batteries (LIBs).

KEYWORDS: nickel-rich NCM cathode, rate-dependent, reaction heterogeneity, structural stability, kinetic degradation

1. INTRODUCTION

With the rapid development of the electric vehicle market, the
requirements for the energy and power density of lithium-ion
batteries (LIBs) are steadily increasing.'~* At present, nickel-
rich LiNi,Co,Mn;_,_,0, (nickel-rich NCM, 0.6 < x < 1)
materials have been regarded as one of the most promising

material preparation, due to the polycrystalline property and
secondary-particle morphology, the inhomogeneous distribu-
tion of the transition mental elements (Ni, Co, Mn) within the
materials would result in the heterogeneous redox reaction
during the electrochemical charging/discharging process.'>™"*
(i) In the aspect of the Li* diffusion inhomogeneity, the solid-

cathode materials with high energy/power density, which is
attributed to their high capacity and the low cobalt content.”~”
However, in practical operation, there still exist many problems
leading to the performance degradation of nickel-rich NCM
materials (e.g, surface reconstruction, oxygen release, dis-
solution of transition metal ions, mechanical microcracks, poor
thermal stability, and terrible storage performance).®™"* In fact,
another important but often neglected factor for the perform-
ance degradation is the reaction heterogeneity, which can be
mainly attributed to the following factors. (i) In terms of
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phase Li* diffusion in the cathode material is generally
regarded as the rate-limiting step of the half-battery
reaction.'””** In the process of energy storage, the difference
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in the diffusion rate of lithium ions will cause the
heterogeneous reaction, especially under high-rate conditions.
(iii) In the aspect of composite electrodes, owing to the
complexity of the composition, the mismatch of the local
ionic/electronic conductivity can cause the reaction hetero-
geneity between different particles at the electrode level.”*~**
The multiscale reaction heterogeneity would further lead to the
inhomogeneous distribution of the state of charge (SOC) and
stress at the electrode/particle level, thus accelerating the
deterioration of the structure and electrochemical perform-
ances of the material. Therefore, it is urgent to systematically
investigate the reaction heterogeneity in order to deeply
understand the degradation mechanism of nickel-rich NCM
materials and guide the modification research.

At present, researchers have made efforts to understand the
reaction heterogeneity from multiscale perspectives. At the
macro scale, Cha et al. proposed that, due to the overutilization
of the active materials at the surface side, the nickel-rich NCM
particles suffer from reaction heterogeneity in the vertical
direction of the electrode surface, causing the inhomogeneous
distribution of SOC.”® By means of fast time-resolved in situ X-
ray diffraction (XRD), Zhou et al. reported the rate-dependent
phase transition processes of LiNi, ;;Co,,3Mn,; 30, during the
fast charging processes and found that the intermediate phase
between the H1 and H2 phases emerged at high rates (>10 C)
and is closely related to the inhomogeneous distribution of
SOC in materials.”® At the micro scale, Xu et al. observed an
apparently heterogeneous SOC distribution in a single LiCoO,
particle at the high rate by means of in situ transmission X-ray
microscopy (TXM).** With the help of synchrotron X-ray
tomography, Xia et al. quantified the morphological character-
istics of the microcracks inside the LiNi,/;;Co;,3Mn,;,;0,
secondary particle after cycling at the high rate, and then
associated them with the hetero§eneous SOC distribution on
the secondary-particle surface.”” Moreover, through trans-
mission electron microscopy (TEM), Hwang et al. reported
the differences in the “layered-spinel rock salt” phase transition
between the bulk and surface structure of the Li-
Ni; 4C003Mny;0, and LiNi,3Coy;Mny,0, primary particles
at the high rate (10 C).” Ko et al. also observed the
heterogeneous chemical and structural degradation within the
nickel-rich NCM primary particle through electron energy loss
spectroscopy (EELS)."” All of the above studies provide useful
information for the in-depth understanding of the multiscale
reaction heterogeneity inside the cathode. As is known to all,
commercial NCM materials are mainly microscale polycrystal-
line materials composed of secondary particles. However,
because of the limitations of the current research, the reaction
heterogeneity within the individual nickel-rich NCM secon-
dary particle remains poorly understood. (i) In the aspect of
structural information, as one of the current commonly used
testing methods, XRD is conducive to the analysis of long-
range ordered crystal structures and is not sensitive to short-
range local structures, while X-ray tomography is only suitable
for reflecting the morphological information (crack, porosity,
specific surface area, etc.) inside the material. (ii) In the spatial
resolution respect, the signals measured by XRD are averaged
over the structural information on a large number of secondary
particles at the electrode scale, and the sample area detected by
the electron-related techniques is usually nanoscale within the
primary particle, which is not suitable for investigating a single
secondary particle with a diameter of several micrometers. (iii)
In terms of convenience, the X-ray-based techniques need the

support of a synchrotron radiation light source,” and the
electron-based techniques require an ultrahigh-vacuum envi-
ronment and special sample preparation. Therefore, there is
still a lack of convenient diagnostic tools which can achieve the
high-resolution depth profiling of the reaction heterogeneity
within the secondary particle.

Different from the X-ray/electron-based techniques, Raman
spectroscopy is very suitable for the investigation of the
reaction heterogeneity within the nickel-rich NCM secondary
particle for the following reasons. (i) It can capture the correct
structural information: as a vibrational spectroscopy, Raman
spectroscopy can reflect the redox reaction depth of the nickel-
rich NCM materials during Li* de/intercalation by keenly
detecting the vibrational characteristics of the metal—oxygen
coordination structure.**™*° (ii) It possesses the appropriate
spatial resolution: the spatial resolution of Raman spectroscopy
is ~1 um, and the penetration depth of the laser to the nickel-
rich NCM material is ~200 nm, which enables Raman
spectroscopy to obtain the structural information on different
local regions within the secondary particle.”””® (iii) It can
detect conveniently: neither a special excitation source nor a
controlled atmosphere is necessary, and the analysis is damage-
free under careful excitation conditions.”” (iv) It can achieve
in-depth analysis of particle-scale reaction heterogeneity:
through combining the ultramicrotomy technique and
Raman imaging, the distribution of the reaction heter0§eneity
inside the secondary particle can be observed directly.””*~**
In a word, based on the advantages of Raman spectroscopy,
this work aims to systematically measure the reaction
heterogeneity within the nickel-rich NCM secondary particle
at different charging/discharging rates and further investigate
its impact on the structure and cycle stability. The relevant
results obtained can not only guide the modification research
of the nickel-rich NCM materials with high power density but
also provide favorable suggestions for the electrochemical
operating conditions of high-power LIBs.

2. EXPERIMENTAL SECTION

2.1. Structural Characterization. The nickel-rich NCM material
was provided by Beijing Easpring Material Technology Co., Ltd.
(China). A Plasma-1000 inductively coupled plasma atomic emission
spectrometer (ICP-AES) (NCS, China) was applied to confirm the
elemental composition of the nickel-rich NCM material. The
morphology and the energy-dispersive spectroscopy (EDS) mapping
of the material were measured by a TM3030 scanning electron
microscope (SEM) (Hitachi Corporation, Japan). The microstructure
of the material was captured by a G2 F30 transmission electron
microscope (TEM) (Tecnai, U.S.A.). A Rigaku Miniflex 600 (Rigaku,
Japan) was used for the XRD measurements. The Raman spectros-
copy measurements used an XploRa confocal microscopic Raman
spectrometer (Horiba, Japan). The $32 nm laser was focused on the
material particle through a 50X objective lens with a working distance
of 8 mm. The spatial resolution was ~1 pm, and the skin depth of the
laser was ~200 nm for nickel-rich NCM materials.*****” The laser
power was set to as low as ~100 #W to avoid damaging the sample.*
Raman imaging used the “line scanning” mode with a step length of
400 nm.

2.2. Preparation and Treatment for the Electrodes. The
nickel-rich NCM material, acetylene black, and poly(vinylidene
fluoride) (PVDF) were uniformly dispersed in N-methyl pyrrolidone
(NMP) with a mass ratio of 8:1:1. Then, the slurry was coated on
aluminum foil, dried at 80 °C for 12 h in a vacuum oven, and punched
into wafers to obtain the nickel-rich NCM electrodes. The CR2016
coin cell was assembled with the nickel-rich NCM electrode, a
separator (Celgard 2400), electrolyte (1 M LiPF,, EC/DMC = 1:1),
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Figure 1. (a) Solid-phase Li* diffusion coefficient and (b) lithium ionic conductivity of the nickel-rich NCM material during the charging/
discharging process. (c and d) Schematic diagrams of Li* diffusion in the secondary particle. (e and f) The capacity—voltage curves and their
corresponding differential capacity curves of the material during the initial cycle in the voltage region of 3.0—4.3 V at different charging/discharging

rates.

and the Li counter electrode in an argon-filled glovebox. The cycled
nickel-rich NCM electrodes were taken out of the coin cells, rinsed
with dimethyl carbonate (DMC), and dried in an argon-filled
glovebox. The material particles were cut by an ultrathin microtome
(LeicaEMUC?7, Germany) to expose the cross sections. To eliminate
the possibility of the reaction between the charged materials and the
oxygen in air, the Raman spectroscopy measurements used a spectral
cell to seal the samples in an argon atmosphere and the XRD
measurements used polyimide tape for sealing.

2.3. Electrochemical Measurement. The nickel-rich NCM coin
cells were operated in the voltage region of 3.0—4.3 V at 25 °C by a
LAND CT-2001A battery testing system, which consisted of a
constant-current and constant-voltage charging step and a constant-
current discharging step. The tests were performed at the charging/
discharging rates of 0.2 C/0.2 C for the first cycle and 0.2 C/0.2 C,
0.2 C/10 C, 10 C/0.2 C, and 10 C/10 C (1 C = 180 mA-g™") for the
subsequent cycles, respectively. The galvanostatic intermittent
titration technique (GITT) measurement was performed in the
voltage region of 3.0—4.3 V with a pulse current density of 18 mA-g™'
and a pulse time of 10 min, followed by an interval relaxation time of
2 h. The electrochemical impedance spectroscopy (EIS) measure-
ments were performed at 25 °C in the frequency range of 100 kHz to
0.01 Hz by a Solartron SI 1287/1260 electrochemical workstation.
Fully charged nickel-rich NCM coin cells after 10 and S0 cycles at
different charging/discharging current densities were tested.

3. RESULTS AND DISCUSSION

The elemental composition of the nickel-rich NCM material
confirmed by ICP-AES is Li/Ni/Co/Mn = 1.05:0.89:0.10:0.01.
The XRD profile in Figure Sla indicates that the nickel-rich
NCM material has a typical a-NaFeO, layered structure
belonging to the R3m space group.”’’ The SEM image in
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Figure S1b shows that the secondary particles of the material
are nearly spherical with an average diameter of 12 ym. As
detected by EDS in Figure S1, parts c and d, the intensity of
the transition metal ions (Ni, Co, Mn) is uniform in the radial
direction of the cross section, indicating a homogeneous
structure composition of the pristine particle.

The possibility of the particle-scale reaction heterogeneity
under different charging/discharging rates is qualitatively
evaluated based on GITT measurements, which indicates
that the heterogeneous reaction within the secondary particle
would occur under the high-rate condition (10 C) rather than
the low-rate one (0.2 C). First, in Figure 1, parts a and b, the
solid-phase Li* diffusion coefficient (Dy;-) and the lithium ionic
conductivity (61;) of the nickel-rich NCM material are
calculated by the GITT measurement. It is found that the
Li* diffusion in the solid phase of the nickel-rich NCM material
(D = 142 X 107 m*s7, o1+ ~ 2.63 X 107> mS-cm™") is
much slower than that in the liquid phase of electrolyte (o ~
10.89 mS-cm™"). The specific calculation process is presented
in Figure S2. Second, as reported by previous studies, the Dy
of the material is independent of the charging/discharging rate
but is determined by the intrinsic structural characteristic of
the material itself.***> So the average diffusion time of Li* (t;;*)
from the bulk to the surface in a 12 ym diameter particle under
different rates can be estimated based on the average Dy;+ (#;;

~ DR—i), which is approximately 2500 s. As shown in Figure 1,
Li

parts ¢ and d, comparing t;;+ with the charging/discharging
time at different rates (t, ¢ and t,o¢), it is speculated that
lithium ions may have enough time to de/intercalate between
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Figure 2. (a) Raman spectra of the nickel-rich NCM material and the decomposition of the peak after deconvolution. (b and c) The sample
locations and their corresponding Raman spectra of the material during the first cycle at the charging/discharging rate of 0.2 C/0.2 C. (d) The
correlation curves between the Raman spectral features of the material and the depth of the redox reaction.

the particle bulk and surface under the low-rate condition
(tyo c = 18000 s). However, under the high-rate condition
(t10 ¢ = 360 s), lithium ions in the particle bulk may not have
enough time to deintercalate from the material compared with
those in the surface, and lithium ions intercalated into the
particle surface may have no time to diffuse into the bulk
sufficiently. Therefore, it is suspected that the severe reaction
heterogeneity would occur theoretically within the nickel-rich
NCM secondary particle at the high rate rather than the low
rate, due to the limitation of the slow solid-phase Li* diffusion
and the transient charging/discharging processes.

The basic electrochemical performance of the nickel-rich
NCM material is evaluated by cycling coin cells in the voltage
region of 3.0—4.3 V at different charging/discharging rates (0.2
C/0.2 C, 0.2 C/10 C, 10 C/0.2, and 10 C/10 C). It is found
that the high-rate condition would lead to a large overpotential,
causing the decrease in the specific capacity as well as the
reaction heterogeneity. First, as shown in Figure le and Table
S1, the specific capacities during the constant-current
charging/discharging steps under the high-rate conditions are
obviously lower than those under the low-rate conditions.
Second, owing to the limitation of the slow solid-phase Li*
diffusion, the overpotential at the high rate is much larger than
that at the low rate, thus leading to the significant changes in
the redox peaks during the phase transition process (H1—M—
H2—H3) in the differential capacity curves (Figure 1f).”'>*
Therefore, it is suspected that the large overpotential not only
leads to the above-mentioned decrease in the specific capacity
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during the constant-current charging/discharging step but also
may provide the driving force for the heterogeneous reaction
within the nickel-rich NCM secondary particle.

As reported by previous studies, there are two types of
Raman-active modes in the nickel-rich NCM materials: Ay,
caused by the stretching vibration of the M—O (M = Nij, Co,
Mn) bond, and E,, arising from the bending vibration of the
O—M-0 bond. During the charging/discharging process, the
redox reaction of Ni**/Ni* would result in the change in the
local MOg coordination structure, thus causing the variation in
the peak intensity/position of the A,; and E, modes.** 730404
Therefore, in this work, the correlation between the Raman
spectral characteristics and the redox reaction depth of the
material was established by investigating the change in the A,
and E, modes during the first cycle at the charging/discharging
rate of 0.2 C/0.2 C. First, Figure 2a shows the Raman spectra
of the pristine nickel-rich NCM material in the range of 400—
650 cm™!, which can be deconvolved into six Raman-active
modes according to previous research: A;,(Mn) &~ 610 cm™},
E,(Mn) = 595 em™, Aj,(Ni) & 558 cm™!, A;,(Co) & 525

-1 ~ -1 N —147-50
em™!, E(Co) ~ 489 cm™, and E,(Ni) ~ 465 cm™".
Second, through the Raman spectroscopy measurements in
Figure 2b—d, it is found that the values of I[A;,(Ni)]/
I[Eg(Mn)] and I[Eg(Ni)]/I[Eg(Mn)] increase with Li*
deintercalation. With the reintercalation of Li* into the
structure, the values gradually return to a state close to those
of the initial spectrum. Note that the spectrum after discharge
to 3.0 V is more similar to that charged to 3.74 V rather than
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the pristine state (Figure 2c), indicating the irreversible
structural evolution during the first charging/discharging
cycle (~85% first-cycle Coulombic efficiency). Therefore, it
can be concluded that the greater the values of I[Alg(Ni)] /
I[Eg(Mn)] and I[Eg(Ni)]/I[Eg(Mn)], the higher the oxidation
reaction depth or the lower the reduction reaction depth.

To analyze the particle-scale reaction heterogeneity, the
nickel-rich NCM secondary particles after cycling at different
charging/discharging rates are cut to expose the cross sections
for further Raman spectroscopy measurements, as shown in
Figure 3, parts a and b. Different nickel-rich NCM particles are
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Figure 3. (a) SEM image of the cross section of the nickel-rich NCM
particle and the test sites of the surface (the blue spot) and bulk (the
red spot) structures for Raman spectroscopy measurements. (b—d)
The schematic diagram of the charging/discharging rates performed
on different particles and the corresponding Raman spectra of the
bulk and surface structure.

charged to 4.3 V at 0.2 C (particle 1) or 10 C (particle 4), and
then discharged to 3.0 V at 0.2 C (particles 2 and S) or 10 C
(particles 3 and 6), respectively. It is found that the redox
reaction is homogeneous within the secondary particle at the
low rate, while the redox reaction depth in the particle surface
is much higher than that in the particle bulk under the high-
rate conditions. First, for the pristine nickel-rich NCM particle
(Figure S3a), the Raman spectrum of the particle surface is
consistent with that of the bulk, indicating a similar
composition of the local MOg coordination structure.
Considering the result in Figure S1, parts ¢ and d, it can be
declared that the nickel-rich NCM material used in this work
has a homogeneous composition. Second, parts ¢ and d of
Figure 3 present the Raman spectra of the bulk and surface
structure within different particles in Figure 3b. After the low-
rate charge (particle 1) and discharge (particles 2 and §), no
significant difference appears in the I[A;,(Ni)]/I[E,(Mn)] and
I[E,(Ni)]/I[E;(Mn)] values between the surface and bulk
structure. However, after the high-rate charge (particle 4)/
discharge (particles 3 and 6), the values of the particle surface
are obviously larger/smaller than those of the particle bulk.

According to the result in Figure 2, this indicates a higher
redox reaction depth of the particle surface than that of the
particle bulk under the high-rate condition, which can be
attributed to the limitations of the slow solid-phase Li*
diffusion and the transient charging/discharging processes.
Therefore, it is speculated that, under the high-rate charging/
discharging conditions, the redox reaction depth of the particle
surface is much higher than that of the particle bulk, different
from the homogeneous reaction under the low-rate conditions.

To explicitly confirm the above-mentioned speculation
about the particle-scale reaction heterogeneity, the line
scanning mode of Raman imaging is performed along the
radial direction of the cross sections of different nickel-rich
NCM secondary particles in Figure 3b. Figure 4 exhibits the

a Particle1
¢

10 ym .z -

b Particle 4

c Particle 2

e Particle3

-

25 3.0 3'.5 4.0 4.5 5.0
I(A,,(Ni))/I(E,(Mn))

Figure 4. Optical images of the cross sections of the nickel-rich NCM
secondary particles at different charge/discharge states in Figure 3b
and the contour maps of the Raman spectral I[Alg(Ni)]/I[Eg(Mn)]
values along the red line: (a) 0.2 C-charged particle 1, (b) 10 C-
charged particle 4, (c) 0.2 C-charged and 0.2 C-discharged particle 2,
(d) 10 C-charged and 0.2 C-discharged particle S, (e) 0.2 C-charged
and 10 C-discharged particle 3, and (f) 10 C-charged and 10 C-
discharged particle 6.

corresponding contour maps of the Raman spectral
I[Alg(Ni)]/I[Eg(Mn)] values. First, in Figure S3b, the
distribution of the I[A;,(Ni)]/I[E,(Mn)] value is homoge-
neous within the pristine particle, which indicates a uniform
distribution of the local MOy coordination structure and
further confirms the homogeneous composition of the pristine
material. Second, during the low-rate charging/discharging
processes (Figure 4, parts a, ¢, and d), the I[A,(Ni)]/
I[E,(Mn)] values increase/decrease homogeneously in both
the bulk and surface regions of the particles. However, during
the high-rate charging process (Figure 4b), the value increase
of the particle surface (a depth of 3—4 ym from the outermost
surface to the inner bulk) is much larger than that of the
particle bulk. Even more, after the high-rate discharge (Figure
4, parts e and f), the value of the particle bulk remains nearly
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unchanged. Note that the slight difference in the I[A;,(Ni)]/
I[E,(Mn)] value between the particle surface and bulk in
Figure 4d can be attributed to the overoxidation of the surface
after the high-rate charge in Figure 4b. Therefore, it can be
verified that the redox reaction mainly occurs in the surface
region of the secondary particle under the high-rate conditions,
different from the homogeneous redox reaction at the low-rate
conditions. This is consistent with the theoretical speculation
in Figure 1.

The influence of the particle-scale reaction heterogeneity on
the structural stability of the nickel-rich NCM material is
further detected by means of XRD and SEM. It is found that
the heterogeneous reaction would aggravate the bulk structural
instability of the material significantly and lead to particle
pulverization. First, parts a—e of Figure S present the XRD
profiles of the nickel-rich NCM material after S0 cycles at
different charging/discharging rates. The (311), peak at
78.306° is used to correct the peak position in the XRD
profiles (Figure Se). Obviously, all the cycled samples show the
typical a-NaFeO,-type layered structure (Figure Sa), and the
clear splitting of the (006)/(102) and (108)/(110) peaks

(003)
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Figure S. (a—e) XRD patterns of the fully discharged nickel-rich
NCM materials after 50 cycles at different charging/discharging rates.
The SEM images of the nickel-rich NCM electrodes after 50 cycles at
different charging/discharging rates: (f) 0.2 C/0.2 C, (g) 0.2 C/10 C,
(h) 10 C/0.2 C, and (i) 10 C/10 C.

indicates that the bulk of all the samples maintains a good
layered structure before and after cycling (Figure S, parts c and
d).”*"** However, it is worth noting that the (003), (006),
and (108) peak positions all shift to a low angle, while the
(102) and (110) peak positions slightly shift to a high angle
after cycling (Figure Sb—d). This indicates an irreversible
structure evolution caused by the insuflicient intercalation of
Li*, which may degrade the structural stability of the material
after cycling.””* And the most negative peak shift of the
sample under the 0.2 C/10 C condition may imply the worst
structural stability during cycling. Second, in order to further
confirm the bulk structural stability of the material, the SEM
images of the cycled nickel-rich NCM electrodes are obtained.
As shown in Figure S4 and Figure Sf—i, severe particle
pulverization appears after cycling under the 0.2 C/10 C, 10
C/0.2 C, and 10 C/10 C conditions, rather than the 0.2 C/0.2
C condition. This can be attributed to the aggravated
anisotropic stress within the secondary particles caused by
the above-mentioned reaction heterogeneity in Figure 4.""*
Therefore, it is supposed that the particle-scale reaction
heterogeneity would aggravate the particle pulverization at the
high-rate charging/discharging conditions. On the one hand, it
would lead to the loss of electrical connectivity and affect the
reversibility of Li* de/intercalation. On the other hand, the
electrolyte penetration into the particle bulk can be promoted,
thus accelerating the electrolyte damage on the inner surface of
the particles.

The deterioration degree of the surface structure of the
cycled nickel-rich NCM materials is evaluated by high-
resolution TEM (HR-TEM), as shown in Figure 6. It is

Figure 6. HR-TEM images of the nickel-rich NCM material after 50
cycles at different charging/discharging rates and the fast Fourier
transform (FFT) images of the selected region: (a) 0.2 C/0.2 C, (b)
0.2 C/10 C, (c) 10 C/0.2 C, and (d) 10 C/10 C. (R represents the
layered structure; S represents the spinel structure.)

found that, although the surface structural degradation is
caused by the long-term charging process at high potentials, it
can be obviously aggravated by the heterogeneous reduction
reaction during the high-rate discharging process. First, the
surface of the pristine material has the layered structure
belonging to the R3m space group (Figure S5). Second, in
Figure 6, parts a and b, the spinel structure (Fd3m) appears in
the partial region of the material surface and expands to a large
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Figure 7. (a) Cycle performances of the nickel-rich NCM material at different charging/discharging rates in the voltage region of 3.0—4.3 V and
their corresponding differential capacity curves: (b) 0.2 C/0.2 C, (c) 0.2 C/10 C, (d) 10 C/0.2 C, and (e) 10 C/10 C.

scale significantly after cycling under the 0.2 C/0.2 C and 0.2
C/10 C conditions, respectively. The spinel structure is
produced by the parasitic reaction between the electrolyte and
the highly delithiated surface structure at high potentials.">*>
However, in Figure 6, parts ¢ and d, even after cycling under
the conditions of 10 C/0.2 C and 10 C/10 C, the material
surface still maintains the layered structure (R3m). Note that
the oxidation depth of the surface structure is much higher
under the high-rate charging condition (Figure 4, parts a and
b), so it seems to be that the long charging time at high
potentials would be another key factor leading to the surface
structural degradation, besides the high delithiation degree of
the surface structure. Third, in Figure 6, parts a and b, the
surface structural degradation under the 0.2 C/10 C condition
is much more severe than that under the 0.2 C/02 C
condition, which may be ascribed to the following two reasons.
(i) The heterogeneous reduction reaction under the high-rate
discharging condition leads to a lower lithiation degree of the
surface structure compared with that under the low-rate
discharging condition (Figure 4, parts ¢ and e), which would
be in a higher delithiation degree during the subsequent
charging process and react with the electrolyte more easily. (ii)
The microcracks (Figure Sg) and the much lower lithiation
degree of the bulk structure (Figure 4e) caused by the
heterogeneous reduction reaction may make the structural
degradation expand into the bulk more easily. As reported by
the previous study, the reaction heterogeneity and the surface
degradation would mutually modulate over time.”® On the one
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hand, as shown in Figure 6, parts a and b, the heterogeneous
reaction at the high-rate discharging condition would aggravate
the expansion of the surface structural passivation. On the
other hand, the partial surface degradation, which is inert to Li*
de/intercalation, may in turn affect the evolution of the
reaction heterogeneity along the particle surface as well as
within the particle. As can be testified in Figure S10, after
cycling at the 0.2 C/10 C condition, the oxidation depth of the
particle bulk becomes smaller than that of the particle surface,
which is quite different from the homogeneous oxidation
reaction within the particle after the initial 0.2 C charge in
Figure 4a. Therefore, it can be concluded that the long-term
charging process at high potentials would be another important
factor leading to the surface structural degradation besides the
high delithiation degree of the surface structure. Especially in
the subsequent high-rate discharging process, the heteroge-
neous reduction reaction will greatly aggravate the degradation
of the surface structure. In addition, the surface structural
degradation may in turn affect the evolution of the reaction
heterogeneity over time.

The cycle performance of the material is further evaluated by
cycling the nickel-rich NCM coin cells at different charging/
discharging rates in the voltage region of 3.0—4.3 V, which
indicates that the kinetic degradation of Li* is a key factor for
the apparent capacity decay. First, as shown in Figure 7a and
Table S2, the capacity fading becomes serious when the
charging/discharging rate changes from 0.2 C/0.2 C to 0.2 C/
10 C, 10 C/0.2 C, and 10 C/10 C. The capacity retention after
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Figure 8. EIS profiles of the fully charged nickel-rich NCM coin cells after (a and b) 10 and (c and d) SO cycles at different charging/discharging
rates. The inset in panel ¢ shows the equivalent circuit diagram of the electrode. R is the solution resistance, R; is the surface film resistance, R, is
the interfacial charge-transfer impedance, and W, is the Warburg impedance.

100 cycles drops from 66.4% to 16.7%, 57.3%, and 65.8%,
respectively. Note that the worst cycle performance under the
0.2 C/10 C condition is consistent with its worst structural
stability in Figures Sb and 6b. Second, in the differential
capacity curves (Figure 7b—e), the decayed intensity and the
increased potential difference of the redox peaks can be
observed. This not only is related to the degraded structure
stability of the material but also indicates an aggravating
electrode polarization during cycling.”'*** As evidenced in
Figure S6, the increased electrode polarization would gradually
reduce the depth of both the oxidation and reduction reactions
of the nickel-rich NCM material and lead to capacity decay.
Third, in Figure 7a, the decreased capacities under the 0.2 C/
10 C, 10 C/0.2 C, and 10 C/10 C conditions can be restored
to 146.3, 162.4, and 193.2 mAh~g_1, respectively, after one
subsequent charging/discharging cycle at 02 C/0.2 C.
Interestingly, when the charging/discharging rates return to
the initial value, the capacities reduce to their original level
again. Therefore, it is indicated that the apparent capacity
decay of the nickel-rich NCM material originates mainly from
the kinetic degradation of Li* de/intercalation during cycling at
different charging/discharging rates.

To confirm the connection between the structural
degradation of the material and the above-mentioned kinetic
deterioration of Li* de/intercalation, the impedance changes
within the nickel-rich NCM coin cells during cycling are tested
by EIS measurements. It is found that the structural
degradation of the nickel-rich NCM material would deteriorate
the Li* kinetics through increasing the interfacial charge-
transfer resistance. First, after 10 cycles (Figure 8, parts a and
b), no significant difference appears in the solution resistance
(R, the intercept on the real axis at the high-frequency region)
and the surface film resistance (R;, the semicircle in the high-
frequency region), but the interfacial charge-transfer resistance
(R. the semicircle in the midfrequency region®”**) of the 0.2
C/0.2 C and 0.2 C/10 C samples (60.24 and 94.73 Q) is much
larger than that of the 10 C/0.2 C and 10 C/10 C samples
(7.267 and 7.584 Q). Second, after SO cycles (Figure 8, parts c
and d), there is no significant increase in the R, and R; of all the
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samples. Meanwhile, as shown in Figure S7, the capacities of
the cycled coin cells cannot recover after rinsing the cycled
electrodes with DMC and renewing the electrolyte. It seems to
be indicated that the decomposition of the electrolyte is not
closely related to kinetic degradation of Li*. However, the R
of all the samples increases substantially, which can be ascribed
to the loss of electrical connectivity caused by the particle
pulverization of the material (Figure 5). Third, the much larger
R, of the 0.2 C/0.2 C and 0.2 C/10 C samples (828.1 and
965.8 Q) than that of the 10 C/0.2 C and 10 C/10 C samples
(134.4 and 70.47 Q) may be caused by the surface structural
degradation as shown in Figure 6, parts a and b. The largest R,
of the 0.2 C/10 C sample further confirms that, under the
high-rate discharging condition, the heterogeneous reduction
reaction will significantly aggravate the deterioration of the
surface structure. Therefore, it is believed that the structural
degradation of the nickel-rich NCM materials aggravated by
the reaction heterogeneity would significantly degrade the
kinetics of Li* de/intercalation at the cathode side and lead to
the apparent capacity decay. In addition, the connection
between the lithium metal anode and the kinetic degradation
of Li* is further discussed in Figure S8, which indicates that the
kinetic degradation at the anode side under the high-rate
charging conditions is more obvious than that under the low-
rate charging conditions. Considering all the results obtained,
it is suggested that the electrochemical operating conditions of
the nickel-rich NCM batteries should be designed rationally.
For example, avoid using the batteries under low-rate
charging/high-rate discharging conditions. The charging rate
should not be either too low or too high to avoid the severe
surface structural degradation of the materials or anode
degradation. For the purpose of the high-rate charge/
discharge, one should be on the alert for particle pulverization
caused by the reaction heterogeneity.

4. CONCLUSIONS

In this work, the particle-scale reaction heterogeneity of nickel-
rich NCM material and its influence on the structure and cycle
stability are systematically investigated. It is found that the
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reaction heterogeneity is significantly affected by the electro-
chemical operating conditions of the nickel-rich NCM
materials and would aggravate the structural degradation as
well as the capacity decay.

First, Raman spectroscopy is applied to conveniently
conduct the high-resolution and in-depth analysis of the rate-
dependent redox heterogeneity within the nickel-rich NCM
secondary particles. It is found that the redox reaction mainly
occurs in the surface region of the secondary particle under the
high-rate condition (10 C), different from the homogeneous
reaction under the low-rate condition (0.2 C). As estimated by
the GITT measurements, the cause of this particle-scale
reaction heterogeneity seems to be the limitation of the slow
solid-phase diffusion of Li* and the transient charging/
discharging processes under the high-rate condition. Second,
the structural characterization measurements (XRD, SEM, and
HR-TEM) show that the reaction heterogeneity would
aggravate the particle pulverization of the material during
cycling. Besides the high delithiation degree of the surface
structure, the long-term charging process at high potentials
would be another important factor leading to the surface
structural degradation. Especially in the subsequent high-rate
discharging process, the heterogeneous reduction reaction will
greatly aggravate the degradation of the surface structure.
Third, as indicated by the electrochemical measurements, the
structural degradation of the material would lead to the kinetic
degradation of Li* de/intercalation at the cathode side, which
may be a key factor for the apparent capacity decay during
long-term cycles.

Through our comprehensive investigation on the particle-
scale reaction heterogeneity, it can be realized that boosting
the homogeneous reaction within the material particles is of
great significance for achieving high-power LIBs. In the aspect
of the material preparation, the concentration-gradient or
element-doping methods may be helpful to adjust the reaction
heterogeneity or accelerate the solid-phase Li* diffusion at the
high-rate condition, and the single-crystal strategy is useful to
avoid particle pulverization. For the design of the electro-
chemical operating conditions, the low-rate charging/high-rate
discharging conditions should be avoided and the charging rate
should not be either too low or too high to avoid severe surface
structural degradation of the materials or anode deterioration.
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