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Fast charging is considered a promising protocol for raising the charging efficiency of electric vehicles.
However, high currents applied to Lithium-ion (Li-ion) batteries inevitably accelerate the degradation
and shorten their lifetime. This work designs a multi-step fast-charging method to extend the lifetime
of LiNig 5C0g>Mng 30, (NMC)/graphite Li-ion batteries based on the studies of half cells and investigates
the aging mechanisms for different charging methods. The degradation has been studied from both full
cell behaviour and materials perspectives through a combination of non-destructive diagnostic methods
and post-mortem analysis. In the proposed multi-step charging protocol, the state-of-charge (SOC) profile
is subdivided into five ranges, and the charging current is set differently for different SOC ranges. One of
the designed multi-step fast charging protocols is shown to allow for a 200 full equivalent cycles longer
lifetime as compared to the standard charging method, while the charging time is reduced by 20%. From
the incremental capacity analysis and electrical impedance spectroscopy, the loss of active materials and
lithium inventory on the electrodes, as well as an increase in internal resistance for the designed multi-
step constant-current-constant-voltage (MCCCV) protocol have been found to be significantly lower than
for the standard charging method. Post-mortem analysis shows that cells aged by the designed MCCCV
fast charging protocol exhibit less graphite exfoliation and crystallization damage, as well as a reduced
solid electrolyte interphase (SEI) layer growth on the anode, leading to a lower Ry resistance and

extended lifetime.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-
vecommons.org/licenses/by/4.0/).

1. Introduction

fast charging strategies [6,7]. Most previous studies focused on
electrode active materials and battery cell level design to improve

In recent years, lithium-ion (Li-ion) batteries have become the
most popular energy storage solution in modern society, especially
for powering battery electric vehicles (BEVs). However, there are
also some unmet needs when using Li-ion batteries in BEV applica-
tions, such as the limited range, slow charging etc. Fast charging of
Li-ion batteries can help to reduce the range anxiety and improve
the overall acceptance of electric vehicles. However, fast charging
may also accelerate battery degradation due to solid electrolyte
interphase (SEI) formation and exfoliation on the anode [1-3]. This
is because fast charging typically involves high charging current
rates and high temperatures, which are the main factors in SEI for-
mation [4,5]. Various factors may affect the capability of a Li-ion
cell to achieve and withstand fast charging conditions, including
properties of the active electrode materials, cell level design, and
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fast charging performance [8-10]. On the other hand, the effect of
different fast-charging protocol on battery degradation remains
largely unknown. In this work we attempt to approach systemati-
cally the effect of the number of fast charging steps, C-rates, and
state-of-charge (SOC) ranges/steps on battery degradation and
charging time to meet both the requirements of extending the life-
time and the efficiency.

To perform fast charging, a time-dependent charging current
profile is a necessity to reduce battery degradation. In the standard
constant-current constant-voltage (CCCV) charging protocol, the
cell is charged at a constant current level until the cell voltage
reaches a predetermined upper limit. Although this protocol sim-
plifies the design of battery chargers, it is not suitable for fast
charging, as constant charging at high C-rates increases the degra-
dation rate and has a negative impact on the battery lifetime
[11,12]. This can be improved by using a charging current profile
varying as a function of SOC. An important advantage of this
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approach is that it does not require changes in battery production
technology and can applied immediately to the batteries already in
use.

Fast charging has been investigated in recent years. There have
been many discussions about the difficulties and potential paths
for future research into fast charging at the level of battery mate-
rials from the perspectives of mass transportation, charge transfer,
and thermal management, as well as the requirements and opti-
mization tactics for the electrode, electrolyte, and electrode/elec-
trolyte interface [4,13]. The progress on electrolytes for fast
charging is also discussed, traditional electrolytes are unable to
enable fast charging. Advanced fast-charging electrolytes can be
created by modifying the structure and stability of the Li* solvation
shell using various solvents, lithium salts, and electrolyte additives
[14]. Metal anode has also been employed for enabling fast charg-
ing, e.g., a newly created Li-based metal-organic framework (Li-
MOF) coating is used to govern ion transportation via a functional
polypropylene (PP) separator [15]. Meanwhile, instead of changing
the material/electrolyte to fully harvest benefits of fast charging
but adjusting the charging protocols can reduce the charging time,
which is cheap and simple and can be applied to existing batteries.
Several fast-charging protocols have also been proposed in litera-
ture, but their effect on electrode degradation is rarely reported
[16-18]. For instance, health-conscious fast charging protocols
have been designed using degradation models to reduce the charge
time as well as the battery degradation; the work shows the poten-
tial of optimized charging strategies in reducing the charge dura-
tion and battery degradation [19,20]. A two-step fast charging
protocol was also be proposed, and the simulation results indicate
that their protocol can achieve a lower capacity fade ratio [21].

In this work, a multi-step fast-charging protocol is designed
based on the measurements of a graphite/Li coin cell and applied
to commercial cylindrical NMC/graphite cells. Eight cells were aged
under multi-step fast charging and standard CCCV charging, and
the cells under the MCCCV charging method were found to show
the longest lifetime. The aging mechanisms associated with differ-
ent charging methods were studied by non-destructive techniques
as well as post-mortem analysis. The methodology combined in-
situ and ex-situ methods to investigate the influence of different
charging methods on the aging mechanism at the full cell, elec-
trode, and material levels. After reaching 10% capacity fade, one
cell per test case was disassembled in a glove box, and morphology,
composition, and structure of electrodes were studied to explain
the aging mechanisms.

The paper is organized as follows: Section 2 describes the idea
behind the protocols for the coin cell tests, and the designed test
matrix for cylindrical cells. Section 3 shows the design of the
multi-step fast charging method and discusses the changes in the
cells’ electrical parameters to explain the aging mechanism. Sec-
tion 4 presents a detailed investigation of the aging mechanism
at the electrode and material levels. Section 5 is a conclusion.

2. Experimental
2.1. Coin cell measurements

Coin cell tests for evaluating the incremental capacity of gra-
phite electrode were performed. Graphite anodes were obtained
from freshly disassembled 18,650 cylindrical full cells (Samsung,
INR18650-20R, 2 A h, 2.5-4.2 V, Max. charge current 4 A), then
cut into 14 mm-diameter discs, paired with 15 mm-diameter-
lithium metal discs and assembled into CR2016-coin cell cases.
The electrolyte was 1 M LiPFg in dimethyl carbonate (DMC)/diethyl
carbonate (DEC) mixed in a 1:1 ratio. The graphite/Li coin cells
were repeatedly charged and discharged with a Landt coin cell tes-
ter (CT 2001A, Landt, China), using a constant current of 0.8 mA
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which is equivalent to 0.2 C-rate (such coin cells showed a typical
capacity of 3.8 mA h).

2.2. Full cell measurements

Full cell testing was carried out on commercially available
18,650 cylindrical cells (Samsung) with a capacity of 2 A h and a
nominal voltage of 3.6 V. The cells employ LiNig5C0g;Mng30;
and synthetic graphite as cathode and anode materials, respec-
tively. Eight cells were tested using a Neware battery test station
(5V12A, Neware, China) following four different aging cycles, as
summarized in Table 1. The corresponding charge time for the pro-
tocols is shown in Table S1. The design idea of the test matrix is
discussed in Section 3. Two cells were used for every test. The test
program is shown in Fig. S1.

For the aging test, the entire SOC interval was divided into five
stages of 20% SOC, each with different constant charging currents.
The highest C-rates possible for the commercial NMC cell used is 2
C as specified in the manufacturer’s datasheet. The C-rates were
reduced to 1.5, 1, and 0.5 C after each 20% SOC stage. The constant
voltage charging method was used after the voltage reached 4.2 V,
the charging continued until the current dropped to 0.1 A. In the
MCCCV charging process, the charging time of a 2 A h full cell to
80% SOC was under 30 min. For comparison, the standard
constant-current-constant-voltage (CCCV) protocol was used for
other two sets of batteries from the same batch with 1 and 2 C con-
stant current charging, respectively. Discharging was done using
the same WLTC driving cycle in all four cases. All the tests were
carried out in a thermostatic enclosure at 25 °C.

Reference performance test (RPT): After every 100 full equiva-
lent cycles (FEC) of the above fast-charging protocols, RPT at
25 °C were conducted to investigate and quantify the degradation
of the cells. To measure the capacity, the cells were charged at a 0.5
C rate (i.e., 1 A) to 4.2 V using a CC-CV profile; the cells were con-
sidered fully charged when the cut-off current reached a value of
0.1 A. Then, after a 15-min delay, the cells were discharged to
2.5 V with a continuous current of 0.5 C. The impedance spectra
of the cells were measured with a Digatron EIS analyzer in a fre-
quency range of 6.5 kHz to 10 mHz. A suitable equivalent circuit
model was used to fit the measured EIS spectra using ZView (Scrib-
ner Associates), as shown in Section 3.

2.3. Post-mortem characterization

After the cells reached 10% capacity fade, they were fully dis-
charged, transferred into a glove box with an argon atmosphere
and disassembled. Afterwards, the electrodes were thoroughly
rinsed three times with DEC and immediately transferred for sub-
sequent characterization. The morphology of graphite anodes was
visualized using a Scanning Electron Microscope (Zeiss XB1540,
Carl Zeiss) operating at 20 keV. X-ray diffraction (Empyrean, Pana-
lytical) was performed to measure the graphite anode structure at
45 kV with a scanning speed of 2°/min. The damage to graphite
crystallinity was also characterized with Raman Spectroscopy
(Invia Micro-Raman spectroscope, Renishaw). Differential Scan-
ning Calorimetry (Q2000, TA Instruments) was used to test the
thermal stability. The composition of the electrode surfaces was
analyzed by an X-ray Photoelectron Spectrometer (XPS, Phoibos
150 1D-DLD, XR 50, Specs).

3. Design and electrical performance of multi-step fast charging
protocols

From the previous work on the degradation of NMC/graphite
batteries, it was concluded that the anode decay is always the
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Table 1

Test matrix with four charging protocols.
SOC stages 0-20% 20%-40% 40%-60% 60%-80% 80%-100%
1C 1 C CCCV standard charge
2C 2 C CCCV fast charge
MCCCV1 2C 2C 15C 1C 0.5 C/cV
MCCCV2 2C 15C 15C 1C 0.5 C/cV

dominant process contributing to the capacity fade [22-24]. Here,
the graphite anode was retrieved from fresh commercial cylindri-
cal cells to build coin cells, with an aim to analyze the graphite
electrochemical behavior during cycling. Li-metal was used as
the counter electrode in the coin cells, which were tested at 0.2
C, as mentioned in Section 2.1. Fig. 1(a) presents the electrochem-
ical behavior of graphite coin cell at 0.2 C. The blue line represents
de-lithiation on graphite, which corresponds to the discharge pro-
cess in a full cell; the red line is the lithiation of graphite which
represents the charging process in a full cell. The capacity for all
coin cells was about 3.8 mA h. In the charge range of 0-
0.76 mA h, which corresponds to 0-20% SOC, the voltage changes
fast, which indicates that the first 20% lithiation experienced a
wide voltage range.

The incremental capacity analysis (IC) was also employed to
confirm the process of capacity change. As shown in Fig. 1(b), the
voltage range is the largest at the beginning of the charging pro-
cess, corresponding to 0% to 20% SOC. As the SOC becomes higher,
between 20-40%, the voltage increase becomes to almost one-
fourth of the first 20% SOC. The evident graphite characteristic
peaks at different SOC conditions can be seen in all XRD patterns
at roughly 27°in Fig. 1(c), and these peaks move with the evolution
of the voltage. The crystal plane of the anode will change from dif-
ferent SOC, and at 140 mV (20% SOC) exhibited the similar phase to
the fully discharged anode (260 mV). However, as the voltage of
the anode decrease, which means the SOC of the full cell increase,
the d-spacing is also enlarging. Comparing to the d-spacing of
3.34 A for pure graphite, as the lithiation from 260 mV to 0 mV,
the d-spacing increases gradually from 3.43 to 3.65 A. Increasing
the current intensity during the phase change process leads to a
subsequent increase in mechanical stress, resulting in the breakage
of the graphite particles. At the same time, the increase in d-
spacing leads to the rupture of the SEI film, which in turn increases
the resistance [25]. Moreover, the phase transition in graphite
anode is observed at around 25% lithiation, which indicates that
substantial strain in the lattice [26]. A multi-step fast-charging
protocol is introduced to efficiently utilize the charging time and
protect the lifetime of the batteries. The proposed test matrix is
shown in Table 1 in Section 2. The charging profile is shown in
Fig. 2(a), which exhibits the current change in the MCCCV2 charg-
ing protocol. The World Harmonized Light Vehicles Test Cycle
(WLTC) driving cycle was used as the discharge profile to simulate
real driving conditions and applied five consecutive times to fully

discharge the cells. Note that the WLTC is designed to be similar
to actual discharge cycle experienced by a battery on an electric
car. Acceleration and deceleration in the WLTC are not periodic,
which better reflects the motion of a car on roads with different
degrees of congestion and rolling resistance; gear change, vehicle
weight and other factors of real driving conditions are also taken
into account in the test.

All batteries underwent reference performance testing (RPT),
which included capacity and EIS tests, after every 100 full equiva-
lent cycles (FEC). For EVs, the end-of-life capacity for battery is set
to 80%, and improper fast charging protocols may lead to capacity
fading acceleration [11,27]. Here, two batteries are used for each
test case. One battery of each test cases is disassembled at 90%
capacity fade, while the other one is opened at the end-of-life
(20%) capacity fade. This manuscript analyses the four test cases
with 10% degradation, aiming to explain how the charge current
influences the performance on both macro and micro level and
whether varying the charging current as a function of the SOC
can extend the battery lifetime. The capacity fade behavior in the
first 10%, expressed as state of health (SOH), of the cells aged using
the four conditions, is presented in Fig. 2(b). In the first 100 cycles
of the aging process, the cells aged using 1 and 2 C constant charg-
ing currents, as well as MCCCV1 charging profile exhibited a reduc-
tion in capacity with a greater slope, culminating in a 2% capacity
fade, as opposed to the just 1% capacity fade when MCCCV2 was
used. The cells aged under CCCV and MCCCV1 showed a rapid
capacity fade, reaching 10% capacity fade after 500 FEC. On the
other hand, when MCCCV2 charging profile was used, the cells
could perform 200 additional FEC before reaching the same degra-
dation level. Low charging current (0.5 C) applied when the battery
was charged over 80% SOC and a lower current between 20%-40%
SOC are thought to play a significant role in the slower capacity
decline. As lithiation speeds up at a higher SOC, a higher charging
current leads to a degradation of the graphite anode, and cracks
and exfoliation cause the anode to collapse, resulting in a capacity
fade. On the other hand, excessive charging currents at 20%-40%
SOC also lead to capacity fade according to the XRD results in
Fig. 1(c), when the lithium ion inserted into graphite, the crystal-
lization will change when the SOC reaches 20%. Higher current
leads to large mechanical stress, which can damage the anode as
well as lead to the loss of active materials. An increase in the inter-
layer spacing in graphite also leads to rupture of the SEI film, which
increases the battery electrical resistance. It is worth noting that
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Fig. 1. Charge-discharge curve (a) of graphite/Li coin cells and corresponding IC curve (b); (c) ex-situ XRD patterns for the structure evolution during lithiation of graphite in a

graphite/Li half-cell.

239



Y. Li, J. Guo, K. Pedersen et al.

(@),
— 2 i
3
— Of
c
[}
-2t
3
41
R U N A I i |
“8[MCCCV2 charge ~ "WLTC discharge
0 4000 8000 12000
Time (s)

(b)100f —a—1C CCCV
3 —-2CCCCV
< o8} —~_MCCCVA
= ——MCCCV2
S 961
=
%5 94t
(O]
© 92}
h

90f

Journal of Energy Chemistry 80 (2023) 237-246

0 100 200 300 400 500 600 700
Full equivalent cycles

Fig. 2. The detailed MCCCV2 current charging profile (a) and state-of-health (b) conditions after 10% capacity fade for 18,650 NMC/graphite cells.

for the 2 C test cases, 2 C-CCCV charge method is provided, which
means the battery will reach 4.2 V earlier than the MCCCV1
according to Table S1 in the revised paper, therefore, a longer CV
step was used in the 2 C-CCCV protocol than MCCCV1. Compared
to CC charge, CV charge can minimize the damage to the electrodes
as much as possible, due to the decreasing charging current during
the charging process. As a result, it leads to the phenomenon that
the state of health (SOH) of MCCCV1 is instead less than the con-
ventional high-current (2 C) charging scheme.

The charging-discharging voltage curves measured every 100
FEC and the corresponding IC curves are shown in Fig. 3. In the
IC curves, the intensity of the main peak around 3.7 V decreases
with the number of FEC in all the cases. This behavior is related
to the loss of active materials in the positive electrode or negative
electrode [28]. For an IC curve, the main peak intensity represents
the amounts of active materials, while the height of the second
most intense peak is related to available graphite in the anode
[29-31]. As the intensity of the peak decreases, the internal resis-
tance is increased. MCCCV2 protocol shows the least increase in
internal resistance, as well as the minimal loss of active materials.
In contrast, the two CCCV charging protocols studied exhibited the
most pronounced drop in the intensity of the secondary peak
between begin-of-life and after 500 FEC. This proves that the pro-
posed multi-step charge method is suitable for protecting batteries
from fast degradation as will be further demonstrated by post-
mortem analysis in Section 4.

The EIS technique was used to analyze the aging mechanisms of
the tested cells. The evolution of the impedance spectra of the cells
aged under the four considered conditions and the comparison of
the four conditions at 500 FEC are illustrated in Fig. 4(a-e). In
the high- and medium-frequency ranges, the two semicircles rep-
resent the total interfacial resistance from the solid electrolyte
interphase (SEI, Rs;) and the charge transfer resistance (R),
respectively [32]. The measured impedance spectra were fitted
using the equivalent circuit shown in Fig. 4(f). The fitting results
indicate an increase in the thickness of SEI layer in all four test sce-
narios. Capacity fading is also caused by the active material con-
sumption for the formation of the SEI film. From Fig. 4(a), the
first semi-circle of the Nyquist plot represents the R, and after
300 FEC, the emergence of a second semi-circle denotes the Rge;
growth, which is also compatible with the fitting outcomes in
Fig. 4(h). The SEI layer is continuously formed, shed, and precipi-
tated in all the instances, which causes an increase in interface
impedance and the rising trend in the Ry;. In Fig. 4(i), the R devel-
opment can be linked to an increase of electrode cracks, which
lowered the conductivity of the fully charged batteries. It is impor-
tant to note that the cells aged under 1 C and 2 C CCCV charge pro-
tocols had a significantly larger increase in R, as compared to

240

MCCCV?2. It was also demonstrated that a higher charging current
is responsible for a rapid capacity decrease after 200 FEC since
the faster charging in the high SOC range damages the electrode
structure.

In summary, electrode degradation accelerates when high
charging current is applied at high SOC. Therefore, avoiding large
currents at high SOC helps to increase the lifetime of Li-ion batter-
ies. The proposed multi-step fast-charging approach, which was
developed based on the performance of graphite coin cells, has
demonstrated its efficacy and efficiency for NMC cylindrical cells
as well. The results from the IC suggest that the capacity fade is
due to the loss of active materials and damage to the negative elec-
trodes, while EIS results indicate that an increase in the charge
transfer resistance is the main contribution to the overall increase
in internal resistance. Compared to the degradation levels of stan-
dard CCCV charging protocols, the designed MCCCV2 method can
extended the battery lifetime by additional 200 FEC before reach-
ing 10% capacity fade. This is due to the slowing down of the SEI
layer growth and R increase as well as due to reduced electrode
degradation. To further confirm this conclusions, post-mortem
analysis was carried.

4. Post-mortem analysis of the electrodes

To further investigate the degradation mechanisms, the mor-
phology of the electrodes was studied by SEM, as shown in
Fig. 5. Fig. 5(a-h) display the SEM results for the cathodes corre-
sponding to the cells aged under 1 C, 2 C, MCCCV1, and MCCCV2
charging conditions, while the results for the anodes are presented
in Fig. 5(i-p). The cathodes are secondary particles, which consist
of a large number of primary cubic grains with a size of 1-2 pm.
In Fig. 5(f and g), the active materials were observed as dispersed
grains, which indicates that their structure was damaged by high
currents applied in the initial and final stages of the charging pro-
cess. When Li ions are inserted and extracted fast, the mechanical
stress damages the active materials leading to the formation of sec-
ondary particles, and, thus resulting in R, increase. The gaps
between large agglomerates of cathode materials are due to the
loss of binder materials, which is also observed in the disassembled
process shown in Fig. S2. Thus, the charge resistance is increased
due to the loss of conductivity of cathode active materials. Among
all the four different test cases, the MCCV2 cathode exhibits the
most similar morphology to the fresh cathode, which is shown in
Fig. S3; This observation indicates that in the initial 20% of SOC, fast
de-lithiation has significantly less negative impact than between
20% and 40%; however, when the battery is close to fully charged
condition, the binder around the cathode active materials is
destroyed by fast de-lithiation.
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Fig. 3. Charge-discharge curves of acquired after every 100 FEC for four test cases of 18,650 NMC/graphite cells under different charging protocols: (a, b) 1 C, (c,d) 2 C, (e, f)
MCCCV1, (g, h) MCCCV2. LAM: loss of active materials; LAM_NE: loss of active materials on negative electrode; LLI: loss of lithium inventory.

To further investigate the difference between 0-20% SOC and
20%-40% SOC, coin cells have been employed to aging under differ-
ent SOC. Four coin cells and aging under 0-20% and 20%-40% SOC
separately, and the morphology of electrodes are provided as Fig. 6.
From the results observed from the SEM images, after cycling
between 0-20% and 20%-40% SOC for several cycles, the morphol-
ogy exhibited a large difference. After cycling between the 20% and
40% SOC, the cathode materials were observed dispersed grains,
meanwhile the cathode cycled between 0% and 20% is similar to
the fresh one. It is demonstrated that when Li ions are inserted
and extracted fast after the initial 20% SOC, the mechanical stress
damages the active materials leading to the formation of secondary
particles, and, thus resulting in R increase. From the cycled anode,
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more graphite exfoliation also appeared in the 20%-40% SOC range,
considering the XRD results in Fig. 1(c), when the lithium ion
inserted into graphite, the crystallization will change during the
process. Higher current will lead to the large mechanical stress,
which could cause the broken of the anode as well as the loss of
active materials. In summary, the charging current applied in
20%-40% SOC leading to the significant SOH difference between
MCCCV1 and MCCCV2.

Understanding the aging mechanisms of the graphite anode has
been always an issue because of its unpredictable behavior. The
defects and exfoliation on the aged anode surfaces are highlighted
with red circles. The anode aged according MCCCV2 protocol has a
smoother surface in general, while anodes aged in three other pro-
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tocols show more cracks, leading to the loss of active material and
a decrease in the charge transfer rate (an increase in R.;). Neverthe-
less, the degradation was difficult to be quantitatively quantified
through morphological analysis. Therefore, structural characteriza-
tions have been applied to quantify the defects of aged anodes.
Raman spectroscopy is used as a precise tool to characterize
the defects of the graphite surface. As shown in Fig. 7(a), three
peaks in Raman spectra of anodes can be identified: D peak, G
peak, and G’ peak, located at around 1400, 1600, and
2700 cm~!. The value of Ip/l; intensity ratio is associated with
the amount of defects in graphite, the larger the ratio, the more
defects the graphite contains [33]. For the fresh anode, Ip/Ig was
0.046, which is quite close to 0, indicating good crystallinity. As
expected, MCCV2-aged anode demonstrated the lowest Ip/lg of
0.27 as compared to the other three aged anodes, which showed
0.30, 0.32, and 0.29 for 1 C, 2 C, and MCCCV1 aging protocols,
respectively. This verifies the conjecture based on the SEM mor-
phology and fits well with the reality of the capacity degradation.
The structure damage to electrodes from the applied high current
during the initial stage of charge is extremely limited. This was
also proved in the X-ray diffraction (XRD) patterns in Fig. 7(b).
Evident graphite characteristic peaks can be seen in all XRD pat-
terns at 27°. It is worth mentioning that the intensity ratio of the
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(010) and (004) peaks varies for different charging protocols. The
anode from the MCCCV2 aging test retained the same peak ratio
as the fresh anode, contrary to the anodes corresponding to the
three other aging protocols. This indicates that the crystallinity
of graphite was affected by high currents at 20%-40% and higher
SOC stages, so (004) plane became the more common crystalline
plane instead of (010) [34,35]. Similar to the fresh anode, all four
aged anodes show diffraction peaks with good crystallinity at the
end of the cycling process, which also points to the high structure
stability of the graphite anode. The XRD patterns for the cathodes
are shown in Fig. 7(c). Compared to the anodes, the cathodes cor-
responding to four different aging protocols show only minor dif-
ference, indicating a much less impact of current on the
crystallization of cathode materials. Meanwhile, according to the
data-driven cathode research, X-ray techniques with machine
learning can be used as a powerful tool for uncovering the lattice
structure in battery cathodes [36]. The structure stability, espe-
cially the thermal stability, is an essential factor for battery stabil-
ity performance. The differential scanning calorimetry (DSC)
curves for the four aged anodes are plotted in Fig. 7(d). Two obvi-
ous main exothermic peaks of decomposition occurred at 312.9 °C
for the 2 C-aged anode and 310 °C for MCCCV1-aged anode, while
for the 1 C-aged anode, a very broad peak was observed in the
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Fig. 5. Morphology images of aged NMC cathodes from 18,650 cells subjected to four different charging protocols (a, e) 1 C, (b, f) 2 C, (¢, g) MCCCV1 and (d, h) MCCCV2, and
the respective anodes images for (i, m) 1 C, (j, n) 2 C, (k, 0) MCCCV1 and (1, p) MCCCV2 charging protocols. The red circles are highlighting the defects and exfoliation on the

anode.

a

— _40;. —

Fig. 6. Morphology images of cycled electrodes between 0-20% SOC (top) and 20%-40% (bottom): (a, b) aged cathode and anode (c, d) between 0-20% SOC; (e, f) aged cathode

and anode (g, h) between 20%-40% SOC.

same range. In contrast, the MCCCV2 aged anode exhibited a
smooth curve similar to the fresh anode, which implies that the
thermal properties of MCCCV2 aged anode still remains relatively
stable after long-term cycling [37]. The result demonstrates that
low current applied at the end of the charging process can reduce

243

the damage to the structure and maintain the thermal stability of
graphite anode effectively.

Besides the structural defect on the electrodes, loss of active
materials and formation of SEI layers are also a critical factor influ-
encing the lifetime of Li-ion batteries. To quantify the elemental
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composition on the electrodes, after 10% capacity fade, X-ray pho-
toelectron spectroscope is applied to characterize the surface of the
opened electrodes. Fig. 8 shows the XPS spectra corresponding to
the MCCCV2 (Fig. 8a—c) and standard 1 C CCCV (Fig. 8d-f) charging.
Four peaks are seen in the C 1s spectrum: the single bond peaks at
284.8 eV (C—H) and at 285.6-286.3 eV (C—0), the double bond
peak at 288.7-288.8 eV (C=0), and the peak at 289.9-290.0 eV cor-
responding to O-C=0 group (Li,CO3) [38,39]. The typical func-
tional groups can be identified according to the C 1 s spectrum in
Fig. 8(a and c). The relative peak area of Li,COs, which is the pri-
mary component of SEI film, exhibits a modest rise (9.13%-

9.60%) from MCCCV2 method to the standard 1 C CCCV method,
as can be observed from the XPS spectra [32]. This suggests that
rapid charging in the initial stage will not increase the amount of
electrolyte degradation products that deposit on graphite’s surface.
In contrast, the higher current at the end of the charging process is
more likely to generate SEL The F 1s spectrum displays two promi-
nent peaks that are attributed to LiF (684.8-684.9 eV) and Li,PO,F,
(686.7-686.9 eV) [39,40]. The F 1s spectrum reveals that at stan-
dard charging protocols, more LiF is generated while at the same
time, less Li,PO,F, is present. The increase in the LiF primarily
reflects the decomposition of LiPFs salt in the electrolyte [41].
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Fig. 8. XPS spectra in C 1s, F 1s and O 1s spectral ranges for graphite anode surfaces aged from 18,650 cells according (a-c) MCCCV2 and (d-f) standard 1 C CCCV charging

protocol. The contributions of the specific peaks are marked.
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Table 2
Summary of diagnostic methods and the corresponding results.
Diagnosis method Results
Non- destructive
Capacity MCCCV2 exhibits the largest capacity (94% SOH) at 500 FEC comparing to the other three reached 90% SOH.
IC MCCCV2 protocol shows the least increase in internal resistance, as well as the minimal loss of active materials.
EIS The resistance (both Rge; and R.¢) of MCCCV2 exhibits the slightest increase compared to other protocols.
internal
Destructive SEM The anode morphology of MCCCV2 shows the smoothest surface which indicates less exfoliation as well as reduced R.; on the anode;
MCCCV2 cathode exhibits the most similar morphology to the fresh cathode, the secondary particles are not damaged by the de-/lithiation.
XRD The crystallization condition of MCCCV2 is closest to the fresh anode. The lattice in the first 20% SOC conditions has not changed comparing
to the d-spacing increase when the SOC higher than 20%, which means the high current in the SOC higher than 20% will increase mechanical
stress and lead to the damage of the graphite layer.
XPS The lower composition of the SEI layers on MCCCV2 anode implies that the reduced SEI layer growth on anode to decrease the resistance of
Rsei and extend the lifetime.
Raman MCCV2-aged anode demonstrated the lowest Ip/I; of 0.27 as compared to the other three aged anodes, which indicates that the least defects
on the anode after aging.
DSC MCCCV2-aged anode exhibited a smooth curve similar to the fresh anode, which implies that the thermal properties of MCCCV2-aged anode

still remain relatively stable after long-term cycling.

The CCCV-charged anode appears to have more Li,CO3/C=0
(531.7-531.8 eV) than C—O0 (533.2-533.7 eV) in the O 1s spectra.
The findings from O 1s spectra are consistent with the rise in Li,-
COs in C 1s spectra, which implies Li,CO3 gets deposited on the
anode surface during high charging rate cycling at the high SOC
[42]. Furthermore, the existence of Li;O in O 1s of CCCV cases
may be explained by the Li,CO3; decomposition under a high charge
current when the battery reaches high SOC. In other words, high
current charging causes the decomposition of solvents and LiPFg
salt, which increases the amount of LiF, Li,COs, and Li,O on the sur-
face of the graphite. As the result, a high current applied at high
SOC accelerates the growth of the SEI layer on the anode, repre-
senting the increase of Rse;, which leads to the faster capacity drop
of the full cells.

Overall, the loss of active materials for both anode and cathode
under charging/discharging cycles is observed in SEM images,
while the increase in the resistance (R.; and Rs;) is explained by
the observed structure and composition changes of SEI layers from
Raman, XRD, DSC, and XPS. Based on the results above, it is
explained that the cell aged by the proposed MCCCV charging pro-
tocol exhibits less loss of materials as well as less increase in the
resistance. Moreover, post-mortem analysis provides clear evi-
dence about how the charging protocols affect the degradation of
electrodes and reduce the lifetime of Li-ion batteries. Various char-
acterization techniques of morphology, structure, and composi-
tions of electrodes describe the aging mechanisms under
different charging protocols, which summarized in Table 2, provid-
ing a better understanding of both macroscopic and microscopic
changes occurring in Li-ion batteries.

5. Conclusions

In conclusion, it was found that high charging currents cause
less damage to electrodes in the initial stage of the charging pro-
cess. Based on this result, it was hypothesized that the cracking
of the anode was related to the intercalation stages in the charg-
ing/discharging cycle and suggested that anode deterioration is
the primary cause for the loss of capacity. To reduce the capacity
fade while minimizing the charging time, a multi-step fast-
charging methodology inspired by physical degradation mecha-
nisms was presented. It was shown that this method extended
the cycling lifetime by more than 200 FEC, as well as reduced the
charging time. Experimentally, 18,650 NMC/graphite cells were
charged using four different protocols until they lost 10% of their
capacity. Afterwards their electrical performance was examined
and post-mortem analysis was carried out on separate electrodes.
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High currents applied during the initial 20% of the charging process
were found to unlikely cause anode exfoliation, while low currents
used above 80% SOC helped to reduce the formation of gaps
between active materials, binder, and current collector, as well as
slowed down the formation of SEI layers on the anodes.

This work provides a thorough understanding of the aging
mechanisms of Li-ion batteries under different charging protocols
from both macroscopic and microscopic perspective, which may
help in designing optimized charging protocols to improve the life-
time and efficiency of Li-ion batteries. It also clarifies how the
structural changes of the graphite anode affect the battery perfor-
mance and provides new ideas for synthesis and improvement of
novel battery materials.
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