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o The electrochemical passivation of the surface structure is a key factor.
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ABSTRACT

The energy density of LiNig 5C09.2Mng 302 (NCM523) can be enhanced by increasing the upper-limit charging
potential, but it exhibits a significant “capacity decay” during cycling. Therefore, it is necessary to study the
intrinsic mechanism for the performance improvement of high-voltage NCM523. In this work, through
combining the intrinsic state-of-charge (SOC) of NCM523 revealed by Raman spectroscopy with the electro-
chemical characterization, the kinetic degradation of Li" de-/intercalation is found to be a key factor for the
apparent capacity decay of NCM523 under the high upper-limit charging potential (>4.3 V). Meanwhile, the
apparent capacity loss can be restored significantly by reducing the current density or increasing the operating
temperature. Furthermore, the formation of the electrochemical passivation layer on the surface of NCM523
particles is detected by the surface characterization of high-resolution transmission electron microscopy (HR-
TEM) and X-ray photoelectron spectroscopy (XPS), which is proved to be another important factor for the kinetic
degradation, besides the particle pulverization of NCM523 and the decomposition products of electrolyte
adsorbed on the material surface. Thus, this work can help to rationally improve the electrochemical perfor-
mance of the high-voltage NCM523.

1. Introduction

charging potentials (>4.3 V), which hinders the potential of the
NCM523 materials [8-11]. The possible causes were mainly attributed

LiNip 5Cog 2Mng 305 (NCM523) materials have been widely applied
in the commercial lithium ion batteries (LIBs) due to its excellent elec-
trochemical performance and low cost [1-4]. However, the fast devel-
opment of the electric vehicle market demands the LIBs with higher
energy density and longer cycling life. NCM523 can provide more en-
ergy density by increasing its upper-limit charging potential (>4.3 V),
which exhibits a great potential for meeting the demands of the current
fast developing market of electric vehicles [5-7]. However, the capacity
of NCM523 will decay rapidly during cycling under high upper-limit
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to the deterioration of the bulk structure of NCM523 and the electro-
de/electrolyte interface: i) The spinel or rock salt phase formed at the
highly delithiated state during charging will cause an anisotropic stress
within the NCM523 particle, further leading to the particle pulverization
[12-16]. ii) The lithium loss in the continuous growth of the solid
electrolyte interphase (SEI) during cycling affects the cycling perfor-
mance [15]. iii) The adsorption of the decomposition products of elec-
trolyte on the material surface caused by the highly reactive surface
oxygen of the M**-O (M = Ni, Co, Mn) will increase the impedance of
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LIBs, thus affecting the capacity retention [17-20]. However, the ca-
pacity decay is still serious in the NCM523 half-cell which owns suffi-
cient electrolyte and the nearly infinite lithium inventory. Meanwhile,
the contribution of the decomposition products of electrolyte to the
impedance growth is still controversial [14,15,20-22]. Therefore, the
intrinsic mechanism of the long-cycle capacity decay of NCM523 at the
high upper-limit charging potential (>4.3 V) remains poorly
understood.

Recently, Kasnatscheew et al. found that most of the apparent ca-
pacity loss of LiNij,3C071,3Mn;,302 (NCM333) in the first cycle
(~80-90% coulombic efficiency) is caused by kinetic limitations, which
can be recovered reversibly by a constant-potential step at the discharge
cut-off potential [23]. Similar results have been reported on the low
coulombic efficiency of LiNipgCop.1Mng102 [24] and LiNig go.
Cog.15Al0,0502 [25] caused by the kinetic limitations in the first cycle.
Therefore, it indicates that the intrinsic kinetic limitation of Li™
de-/intercalation may be a key factor for the long-cycle capacity decay
of LiNiyCoyMnj xyO2 (NCM) materials. This work aims to study the
possible factors for the kinetic limitations that lead to the long-cycle
capacity decay of NCM523 under the high upper-limit charging poten-
tial (>4.3 V) from the aspect of the bulk and surface structure of
NCM523.

2. Experimental section
2.1. Structural characterization

Element and morphology characterization: The elemental composi-
tion of NCM523 was confirmed by the inductively coupled plasma
atomic emission spectroscopy (ICP-AES) Plasma 1000 (NCS, China). The
morphology of NCM523 was characterized by the scanning electron
microscope (SEM) S-4800 (Hitachi Corporation, Japan).

Raman spectroscopy measurement: A confocal microscopic Raman
spectrometer XploRa (Horiba, Japan) was used. The wavelength of the
laser was 532 nm and the laser power was set to as low as ~0.1 mW to
avoid damaging the NCM523 samples [26]. The spatial resolution was
~1 pm. In order to avoid the difference in the lithiation degrees between
different electrodes and different NCM523 particles in the same elec-
trode, each cycled unit consisted of two parallel half-cells and three
Raman spectra were collected randomly from different NCM523 parti-
cles of each electrode. Each cycled unit under the same voltage region
has the similar cycling performance and the Raman spectra can repre-
sent the average degree of structural evolutions for each cycled unit
(Fig. S3).

X-ray diffraction (XRD) measurement: The XRD measurements used
the Rigaku Miniflex 600 (Rigaku, Japan) with Cu Ka radiation (A =
0.1544 nm). The operating condition is 40 kV and 15 mA. The data was
recorded in the 20 range between 10° and 90° with a scan rate of 2°
min~L.

High-resolution transmission electron microscopy (HR-TEM) mea-
surement: Protected by argon atmosphere, the active materials were
scraped out from the NCM523 electrodes, dispersed in ethanol and then
transferred onto a carbon-supported Cu grid. The HR-TEM images were
captured by G2 F30 (Tecnai, USA).

X-ray photoelectron spectroscopy (XPS) measurement: The surface
element analysis was conducted by the PHI Quantum-2000 scanning
ESCA microprobe.

Treatment of the cycled electrodes: The NCM523 electrodes were
disassembled from the cycled half-cells, rinsed with DMC and dried. For
the Raman spectroscopy measurements, the NCM523 electrodes after
rinsing and drying were sealed in argon atmosphere by a spectral cell.
For the XRD measurements, the electrodes were sealed onto the sample
slide by polyimide tapes. All of these processes were completed in an
argon-filled glove box.
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2.2. Electrochemical measurement

Fabrication of NCM523 electrodes and coin cells: A mixture of 80%
NCM523 materials (supplied by an industrial partner), 10% acetylene
black and 10% polyvinylidene fluoride (PVDF) was uniformly dispersed
into N-methyl-1, 2-pyrrolidone (NMP). Then the slurry was coated onto
an Al foil using an automatic coating machine to get the NCM523
electrodes. After dried at 80 °C overnight in a vacuum oven, the
NCM523 electrodes were punched into wafers. The area of the electrode
is approximately 1.13 cm? and the amount of NCM523 loaded on the
electrode is about 2.34 mg. The CR2016 coin cell was assembled with
the NCM523 electrode, a separator (Celgard 2400), electrolyte (1 M
LiPFg, EC/DMC = 1:1 v/v) and the Li counter electrode in an argon-filled
glove box.

Electrochemical charging/discharging test: The charging test con-
sisted of a constant-current step at the voltage regions of 3.0-4.4 V,
3.0-4.5V and 3.0-4.7 Vunder 75mA g~ ! (0.5C, 1C=150mA g anda
constant-voltage step at the upper-limit charging potential. The dis-
charging test only consisted of a constant-current step under 0.5C. The
NCM523 coin cells were measured at 25 °C by the LAND CT-2001A
battery testing system. For the elevated temperature measurement, the
operating temperature was increased to 60 °C after 50 charging/dis-
charging cycles at 25 °C. The electrochemical impedance spectroscopy
(EIS) measurements used the Solartron 1287/1260 electrochemical
workstation at 25 °C in the frequency range of 100 kHz-0.01 Hz. The
fully charged NCM523 coin cells were tested after 10 and 50 cycles
under various voltage regions, respectively.

3. Results and discussion

The XRD data of the pristine NCM523 materials (Fig. S1a) shows a
typical a-NaFeO,-type rhombohedral layered structure belonging to the
R-3m space group without any impurities. The clear peak splitting of the
(006)/(102) and (108)/(110) peaks indicates a well-ordered layered
structure [2,5,27]. In Fig. S1b, the NCM523 cathode materials are
spherical secondary particles with an average diameter of 5 pm by SEM.
The elemental composition of NCM523 measured by ICP-AES is Li: Ni:
Co: Mn = 1.030: 0.518: 0.197: 0.285, which agrees well with the
theoretical ratio value of NCM523.

The electrochemical performance tests of NCM523 are operated in
the voltage regions of 3.0-4.4 V, 3.0-4.5 V and 3.0-4.7 V (0.5Q),
respectively. In Fig. 1, the specific discharge capacities of the first cycle
in the voltage regions of 3.0-4.4 V, 3.0-4.5 V and 3.0-4.7 V (0.5C) are
178.0, 189.3 and 197.5 mAh-g~!, which correspond to the area specific
capacities of 0.3677, 0.3932 and 0.4111 mAh-cm ™2, respectively. This
exhibits an enhancement of the initial specific discharge capacity
comparing to that in the voltage region of 3.0-4.3 V (0.5C) in Fig. Slc.
However, a significant phenomenon of capacity decay is observed dur-
ing prolonged cycles. The capacity retention after 150 cycles decreases
from 88.9% to 81.1% and 63.8% for the voltage region of 3.0-4.4 V,
3.0-4.5 V and 3.0-4.7 V (0.5C), respectively. The detailed test results of
the cycling performance are listed in Tab. S1.

As reported by previous studies, Raman spectroscopy is an efficient
tool to investigate the intrinsic state-of-charge (SOC) of NCM materials,
because the local coordination structure is very sensitive to the Li
amount of the material [28-31]. Fig. 2a presents the typical A;g (596
em™) and Eg (489 em~ ') Raman peaks of the pristine NCM523 material,
arising from the M — O (M = Ni, Co, Mn) stretching vibrations and the
O-M-O bending vibrations, respectively [29,32,33]. To confirm the
correlation between the Raman spectral features and the SOC of
NCM523, Fig. 2a-b shows the Raman spectra of the NCM523 electrodes
charged to different potentials (signed as 1¢3.69 V, 1¢3.79 V, 1¢3.88 V,
1¢3.93V, 1c4.13V, 1c4.21 V, 1c4.40 V, 1c4.50 V and 1¢4.70 V) at 0.5C
in the first cycle. With the de-intercalation of Lit, thel (A15)/1 (Eg) value
decreases and a new peak at ~545 cm ™! appears, which is attributed to
the change in the M — O local environments caused by the oxidation
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Fig. 1. The charging/discharging curves for the first cycle (a) and during 150 cycles (b-d) and the cycling performance (e) of NCM523 coin cells in the voltage

regions of 3.0-4.4 V, 3.0-4.5 V and 3.0-4.7 V (0.5C).

reaction of Ni?*/Ni** during the charging process [28,34,35]. In addi-
tion, the slight downshift of the E; peaks from 489 em ™! to 478 cm™!
may be caused by the lattice expansion in the c axis during the
de-intercalation of Li* [29,36]. When discharging to 3.0 V for the
samples cycling in different voltage regions (Fig. 2c—e), the Raman
spectra gradually return to a state similar to the pristine state, which
corresponds to the reduction reaction of Ni*'/Ni** during the dis-
charging process. The detailed Raman spectra during the first dis-
charging process are presented in Fig. S2. Therefore, in Fig. 2g-h, the
correlation between the Raman spectral characteristics and the SOC of
NCM523 is established based on the value of I (A14)/I (Eg) and I (545
cm /1 (Eg). The I (A15)/1 (Eg) value monotonically increases with x at
0.4 < x < 1.0; the I (545 cm’l)/I (Eg) value monotonically decreases
with x at 0 < x < 0.4. Simultaneously, the correlation between the
Raman spectral characteristics and the SOC of NCM523 in the first cycle
is nearly independent of the upper-limit charging potentials (Fig. 2h).
As mentioned above, the relative intensity of Raman spectral peaks
can reflect the SOC of NCM523. Therefore, the changes in the SOC
values of the cycled NCM523 electrodes can be estimated by the in-
tensity ratios of Raman spectral peaks (I (545 ecm /1 (Eg) and I (A1g)/1
(Eg)) in Fig. 2g-h, as shown in Fig. S11. Fig. 3 shows the Raman spectra

of the cycled NCM523 electrodes and their corresponding changes in the
SOC value. In the first charging/discharging cycle in the voltage region
of 3.0-4.4 V, only ~0.64 Li of the ~0.78 Li extracted during charging
can re-intercalate into the structure during discharging. During the
prolonged cycles, the I (545 cm™1)/1 (Eg) value of the fully charged
NCM523 electrodes stays unchanged. Therefore, ~0.22 Li always re-
mains in the structure at the end of charge (Fig. 3a and g). However, the
decreased I (A14)/1 (Eg) value of the fully discharged NCM523 electrodes
indicates an irreversible intercalation of Li™ into the structure at the end
of discharge (~3.7-3.0 V). Thus, the SOC value of the fully discharged
NCM523 electrodes reduces from ~0.86 Li to less than ~0.80 Li (Fig. 3b
and h). As a result, the SOC window in the voltage region of 3.0-4.4 V
gradually narrows from 0.22 Li - 0.86 Li (the 1st cycle) to 0.22 Li - 0.80
Li (the 150th cycle). Although 0.84 Li and 0.93 Li can de-intercalate
from the structure during charging to 4.5 V and 4.7 V in the first
cycle, only 0.69 Li and 0.73 Li can re-intercalate into the structure after
discharging to 3.0 V, indicating more capacity achievement but the
lower coulombic efficiency under the higher upper-limit charging po-
tential (Fig. 3g-h and Fig. S4). During long-term cycles in the voltage
region of 3.0-4.5 V, the I (545 cm’l)/I (Eg) value of the fully charged
NCM523 electrodes begins to decrease after 50 cycles, indicating a
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Fig. 2. The Raman spectra of the NCM523

electrodes charged to 4.7 V during the first
charging process (a-b). The Raman spectra
of the NCM523 electrodes discharged to the
fixed specific capacity during the first dis-
charging process in the voltage regions of
3.0-4.4 V (c), 3.0-4.5 V (d) and 3.0-4.7 V
(e). The sample locations for the Raman
spectral measurement indicated by the dots
in the charging/discharging curves of
NCM523 during the first cycle at different
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narrowed SOC window from 0.16 Li - 0.85 Li to 0.30 Li - 0.73 Li
(Fig. 3c-d and Fig. 3g-h). In the voltage region of 3.0-4.7 V, the I (545
cm /1 (Eg) value of the fully charged NCM523 electrodes and the I
(A1g)/T (Eg) value of the fully discharged NCM523 electrodes both
decrease continuously since the first cycle (Fig. 3e-h), which indicates a
narrowed SOC window from 0.07 Li - 0.80 Li to 0.33 Li - 0.73 Li.

Fig. 4a—c exhibit the capacity differential curves of NCM523 in the
voltage regions of 3.0-4.4 V, 3.0-4.5 V and 3.0-4.7 V. The redox peaks
around 3.74 V are associated with the redox reaction of Ni>*/Ni** [2,
11]. Obviously, the potential difference between the redox peaks in-
creases with cycling, accompanied by a decreasing peak intensity and
discharging potential, which indicates an increased electrode polariza-
tion, especially for the sample cycled in the voltage region of 3.0-4.7 V.
The relative Li* diffusion coefficient tested by galvanostatic intermittent

titration technique (GITT) is used to evaluate the effects of the
upper-limit charging potential on the Li" diffusion kinetics in the bulk
structure (Fig. S6) [4,37,38]. Noting that the relative Li* diffusion co-
efficient at the beginning of discharge in the voltage region of 3.0-4.7 V
(Fig. 4f) is apparently higher than that of 3.0-4.4 V (Fig. 4d) or 3.0-4.5V
(Fig. 4e), which may be attributed to the larger concentration gradient
between the bulk structure of NCM523 and the electrolyte caused by the
higher delithiation degree at the end of charge at 3.0-4.7 V [39].
However, after cycling in the same voltage regions, no significant dif-
ference appears. It implies that the kinetics of Li diffusion in the bulk
structure seems not to be related with the increased electrode polari-
zation after prolonged cycles. However, in Fig. 4g-h, the interfacial
charge transfer resistance (R, the medium-frequency semi-circle [3,40,
41]) measured by EIS increases distinctly after cycling, especially for the
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Fig. 3. The Raman spectra of the fully charged (a, c, e) and discharged (b, d, f) NCM523 electrodes after 1, 10, 50, 150 cycles in the voltage regions of 3.0-4.4 V,
3.0-4.5 V and 3.0-4.7 V. The changes in the I (545 em ™ H/1 (Eg) value of the fully charged NCM523 electrodes (g) and the I (A14)/1 (E;) value of the fully discharged

NCM523 electrodes (h), the dotted lines represent the estimated SOC values.

sample cycled in the voltage region of 3.0-4.7 V. Consequently, ac-
cording to the results in Figs. 3 and 4, it is suspected that the decay of the
charging and discharging degree of NCM523 after long-term cycles
under high upper-limit charging potentials can be attributed to the
increased interfacial charge transfer resistance Re;.

Furthermore, through a subsequent charging/discharging cycle at a
lower current density (0.05C) after 150 cycles in the voltage regions of
3.0-4.4 V, 3.0-4.5 V and 3.0-4.7 V, the specific discharge capacity can
be restored to 185.5, 182.3, 160.2 mAh-g 1, respectively (Fig. 5a). The I
(A14)/1 (Eg) values of the corresponding Raman spectra also increase to a
certain extent, which depends on the upper-limit charging potential
(Fig. 5b—d and Fig. S7) and indicates that reducing the current density

promotes more Li* to re-intercalate into the structure. Therefore, it can
be concluded that the apparent capacity decay of NCM523 mainly
originates from the retarding effect of the increased interfacial charge
transfer resistance on Lit de-/intercalation during cycling under the
high upper-limit charging potential.

Moreover, after 50 cycles in the voltage region of 3.0-4.7 V (0.5C),
the specific discharge capacity decreases from 197.5 to ~153 mAh-g 1.
In Fig. Se, the specific discharge capacity can be restored to 172.2, 177.1
and 167.7 mAh-g ! after a subsequent charging/discharging cycle at the
lower current density (0.1C, 0.05C and 0.01C), respectively. The para-
sitic reaction at the electrode/electrolyte interface under the high po-
tential may be aggravated at the extremely low current density of 0.01C,
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causing the overcharge. Therefore, the current density of 0.05C is more
suitable for the capacity recovery. Interestingly, the specific discharge
capacity drops back to ~150 mAh-g~! after the current density returns
to 0.5C, which confirms that the retarding effect exists objectively at
0.5C and the apparent capacity loss is indeed due to the kinetic degra-
dation of Li" de-/intercalation. To figure out the influence of the
retarding effect on the de-/intercalation of Li" respectively, the elec-
trochemical charging/discharging measurements are performed as fol-
lows: i) After 100 cycles at 3.0-4.7 V (0.5C), the NCM523 coin cells are
operated for five charging/discharging cycles at the “0.05 C-charge/
0.05 C-discharge” step; ii) Then the NCM523 coin cells continue to be
operated for one charging/discharging cycle at “0.5 C-charge/0.05 C-
discharge” and “0.05 C-charge/0.5 C-discharge” steps, respectively. In
Fig. 5f-g, the specific charge capacity decreases from 177.7 to 172.5
mAh-g~! when the charging current density rises from 0.05C to 0.5C,

400

867? 1200 1600

suggesting that a small amount of lithium ions fail to de-intercalate from
NCM523 due to the retarding effect. However, the large discharge ca-
pacity loss (from 170.6 to 150.6 rnAh~g’1) points out that more lithium
ions fail to re-intercalate into NCM523 after the discharge current
density rises form 0.05C-0.5C. Therefore, it is supposed that the
retarding effect on Li" intercalation is more remarkable than that on Li*
de-intercalation, which explains the asymmetric phenomenon of the
changes in the SOC of the fully charged/discharged NCM523 electrodes
during long-term cycles. The constant-voltage charging step can provide
extra driving force for Li" de-intercalation. Meanwhile, it is reported
that the polarization of Li* intercalation is larger than that of Li* de-
intercalation, which is derived from the slow Li* mobility due to the
transition metal ions in the lithium layers [42]. In addition, in Fig. 5h,
the long-cycle capacity loss can also be restored by increasing the
operating temperature from 25 °C to 60 °C, which may be related with
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the acceleration of the Li™ mobility under an increased operating tem-
perature. In summary, the results above can attribute the apparent
long-cycle capacity decay of high-voltage NCM523 to the increased
retarding effect of the interfacial charge transfer resistance on Li"
de-/intercalation. In particular, the retarding effect on Li* intercalation
is more remarkable than that on Li* de-intercalation, and the NCM523
material cycling under the higher upper-limit charging potential will
exhibit the more obvious retarding effect.

To further study the origin of the increased retarding effect on Li™*
de-/intercalation, the XRD, HR-TEM and XPS measurements are applied
to characterize the bulk and surface structure, respectively. The XRD
patterns of the fully discharged NCM523 electrodes after 50 cycles under
different upper-limit charging potential are shown in Fig. 6. The (311);
peak at 78.306° from the Al foil is used to correct the peak positions in

Cycle number

the XRD patterns (Fig. 6e). All of the cycled NCM523 electrodes exhibit a
typical a-NaFeO,-type rhombohedral layered structure (Fig. 6a). The
obvious separation of the (006)/(102) and (108)/(110) peaks (Fig. 6¢—d)
implies no distinguishable change in the bulk structure before and after
cycling [27,43,44]. It is worth noting that the (003), (006) and (108)
peak positions of all the cycled NCM523 electrodes shift to a lower de-
gree, while the (102) peak positions shift slightly to a higher degree,
especially for the 3.0-4.7 V sample (Fig. 6b-d). It is reported that the
(003), (006) and (108) peak positions downshift continuously and the
(102) peak position upshifts slightly during the initial charging, which is
caused by the expansion of the c-axis and the slight contraction of the
a/b-axis during delithiation [45-48]. This may indicate that Li* cannot
re-intercalate into the structure sufficiently at the end of discharge, thus
causing the change of the XRD peak positions mentioned above.
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Meanwhile, as revealed by SEM in Fig. S10, there seems to be no distinct
microcracks in the NCM523 particles after 50 cycles in all voltage re-
gions, only a few microcracks appear after 150 cycles. Therefore, the
consequences of the XRD, GITT and SEM measurements indicate that the
bulk structure and the particle pulverization of NCM523 seems not to be
closely related with the increased retarding effect during long cycles,
which means the necessity of studying the electrode/electrolyte
interface.

The surface structural evolution after cycling under high upper-limit
charging potentials is revealed by the HR-TEM measurement. In Fig. 7a,
both the surface and bulk structure of the pristine NCM523 show a
consistent rhombohedral phase, belonging to the NCM layered structure
(R-3m), as indicated by the Fast Fourier Transform (FFT) image of the
region 1. After 100 cycles at 3.0-4.5 V, the spinel phase appears in the
thickness of a dozen nanometers on the surface region (Fig. 7b), indi-
cating that the surface structure of the NCM523 particles deteriorates
continuously during cycling under the high upper-limit charging po-
tential. The red circles in the FFT image of the region 2 correspond to the
positions of the spinel structure (Fd-3m) [43]. Afterwards, the cycled
NCM523 electrode is disassembled from the cycled coin cell and rinsed
with DMC to remove the decomposition products of electrolyte. How-
ever, both of the capacity and the Raman spectral I (A14)/I (Eg) value of
the NCM523 in the reassembled battery fails to recover under the same
charge/discharge condition (Fig. 7c—d and Fig. S9), which means the
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decomposition products of electrolyte adsorbed on the surface of the
NCM523 particles may not be closely related with the kinetic degrada-
tion of Li" de-/intercalation. Therefore, the surface structural deterio-
ration of the NCM523 particles during long-term cycles may contribute
prominently to the increased retarding effect. Due to the unstable
highly-delithiated structure at the high potential, the surface structural
deterioration is more serious under the higher upper-limit charging
potential, thus making the retarding effect more obvious (Fig. S5) [13,
14,43].

Furtherly, the XPS measurement is performed to characterize the
surface species of NCM523 after long cycles, as presented in Fig. 8. For
the Ni 2p3/5 spectra (Fig. 8a and e), the pristine NCM523 sample con-
tains Ni*" (~854.5 eV) and Ni*" (~856.2 eV) [10,49-52]. After 100
cycles in the voltage region of 3.0-4.7 V, the content of Ni*t on the
surface of the fully discharged NCM523 (signed as 4.7V100d) decreases
significantly while the content of Ni%* and NiF, (~857.9 eV) increases.
For the Co 2p spectra, it is usually difficult to assign the XPS peaks of Co
2p located at the binding energy of 780-784 eV (Fig. 8b) due to its
complex components of the XPS peaks (i.e. Co 2p3/ peaks, satellite
peaks, Ni Auger peaks, CoFo peaks) [10,50]. For the Mn 2p spectra
(Fig. 8c), the shift of the Mn 2p3,5 peak position to the low binding
energy indicates the increased content of Mn>*/Mn?" after prolonged
cycles at 3.0-4.7 V [50]. Therefore, it obviously indicates a surface
evolution of NCM523 after long cycles under the high upper-limit
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Fig. 8. The XPS spectral comparison in the surface elements of the pristine and cycled NCM523 electrodes in the voltage regions of 3.0-4.3 V and 3.0-4.7 V: Ni 2p3,»
(a), Co 2p (b), Mn 2p (c) and C 1s (d). The relative contents of Ni2+, Ni®* and NiF, on the surface of the pristine and cycled NCM523 electrodes. (e).
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charging potential. It is believed that the surface transition metal ions
may be reduced in the form of oxide/fluoride, due to the unstable and
highly-reactive M**-O (M = Ni, Co, Mn) bonds at the high potential [13,
14,53]. The C 1s spectra (Fig. 8d) also prove that a large number of
by-products (i.e. RCOCO;Li) are produced on the surface of the cycled
NCM523 electrodes, which can be attributed to the parasitic reaction at
the electrode/electrolyte interface [9,41,49,51]. Furthermore, in Fig. 8a
and e, after 100 cycles in the voltage region of 3.0-4.7 V, the Ni 2p3/5
spectrum of NCM523 in the fully discharged state (signed as 4.7V100d)
exhibits nearly no difference from that in the fully charged state (signed
as 4.7V101c), which may indicate an electrochemically passive surface
layer of NCM523. However, after 100 cycles in the voltage region of
3.0-4.3V, it still exhibits an electrochemically active surface layer of Ni,
as indicated by the distinct difference between the Ni 2ps3,5 spectra of
NCM523 in the fully discharged state (signed as 4.3V100d) and the fully
charged state (signed as 4.3V101c). Therefore, the HR-TEM and XPS
measurements seem to indicate that an electrochemically passive layer
would be formed on the material surface after long-term cycles under
the high upper-limit charging potential. As reported by Bruce, the
electrons move ahead of the ions in the electrode, which can generate an
internal electrical field as the driving force to accelerate the motion of
the ions [54]. Therefore, the electrochemical passivation layer formed
on the material surface cannot be electrochemically polarized, so the
internal electrical field in the material surface may be weakened, thus
leading to a distinct increase in R. In Fig. 4g-h. In most of the previous
report, the R increase of NCM materials after long-term cycles under
high upper-limit charging potentials was mainly attributed to the lattice
mismatch between the layered structure and the spinel or rock salt phase
[3,43,53,55,56]. However, the finding in our work provides another
different possible mechanism about the R increase and the “capacity
loss” of NCM materials, which is meaningful to improve the cycle sta-
bility of NCM materials during long-term cycles under high upper-limit
charging potentials.

4. Conclusion

In this work, the mechanism of the apparent capacity decay of
NCM523 during cycling at the high upper-limit charging potential
(>4.3 V) is studied systematically from both the surface and bulk
structure of NCM523. The results of Raman spectroscopy and the elec-
trochemical measurements provide an important proof that the kinetic
degradation of Li" de-/intercalation is a key factor for the apparent long-
cycle capacity decay due to the increased interfacial charge transfer
resistance. In particular, the retarding effect on Li* intercalation is more
remarkable than that on Li" de-intercalation, and the NCM523 material
cycling under the higher upper-limit charging potential will exhibit the
more obvious retarding effect. Meanwhile, the apparent capacity loss
can be significantly restored by reducing the current density or
increasing the operating temperature. Furtherly, the XRD and GITT tests
indicate a nearly unchanged bulk structure of NCM523 and bulk diffu-
sion kinetics of Li™ after cycling. However, the HR-TEM and XPS mea-
surements indicate a passive surface layer formed after long-term cycles
under the high upper-limit charging potential. Because the passive
surface layer cannot be electrochemically polarized, the internal elec-
trical field in the surface layer of the material may be weakened, which
leads to the distinct increase in R¢;. Therefore, the electrochemical
passivation of the surface structure of the NCM523 particles can be
another important factor for the kinetic degradation of Li* de-/inter-
calation, besides the particle pulverization of NCM523 and the decom-
position products of electrolyte adsorbed on the material surface
reported in previous work. Therefore, this work will be helpful to deeply
understand the intrinsic mechanism of the capacity decay of NCM523.
Since the apparent capacity can be restored by reducing the current
density or increasing the operating temperature, it exhibits instruction
to help solving the urgent problems in practical applications, such as the
cascade utilization of LIBs.
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