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Highlighting a study on the aging mechanism of
commercial lithium-ion battery led by Dr. Daniel-loan Stroe,
Prof. Kjeld Pedersen, Dr. Lenoid Gurevich, Mr. Pengwei Li,
and Mr. Jia Guo from Aalborg University, and Dr. Yaolin Xu
from Humboldt-University.

Unravelling and quantifying the aging processes of
commercial Li(Nio'SCoosznolz)Oz/graphite lithium-ion
batteries under constant current cycling

To unveil the battery aging mechanism during constant
current cycling, in this work, electrochemical cycling, real-
time temperature monitoring, and operando electrochemical
impedance spectroscopy of a fresh and an aged battery have
been carried out. The polarization is the main reason for the
battery capacity fading during operation, and the formation
of solid-electrolyte interphase (SEI) and cathode-electrolyte
interphase (CEl) is the leading cause of battery degradation.
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Unravelling and quantifying the aging processes of
commercial Li(Nig sCog 2Mng 3)O,/graphite lithium-
ion batteries under constant current cyclingy

Jia Guo, ©2° Siyu Jin, © *2 Xin Sui, ©2 Xinrong Huang,® Yaolin Xu,*® Yagi Li,®°
Peter Kjeer Kristensen,® Deyong Wang,? Kjeld Pedersen,? Leonid Gurevich®
and Daniel-loan Stroe®

Constant current charging and discharging is widely used nowadays for commercial lithium (Li) ion batteries
(LIBs) in applications of portable electronic devices and electric vehicles. However, the main battery
degradation mechanism during constant current cycling remains unclear. In this work, electrochemical
cycling, real-time temperature monitoring, and operando electrochemical impedance spectroscopy of
a fresh and an aged battery have been carried out to unveil the aging mechanism during constant
current cycling. The results of the incremental capacity analysis (ICA) indicate that polarization is the
main reason for the capacity fading during operation. Besides, post-mortem analysis of the electrodes
reveals that the formation of a solid—electrolyte interphase (SEl) and cathode-electrolyte interphase
(CEl) is the leading cause of electrode degradation. The interface formation and evolution over cycling
(including thickening and chemical variation) leads to continuous loss of active materials. The presence
of a SEl and CEl also increases the impedance for charge transfer and transport and reduces the kinetics
of electrochemical Li-ion redox on the electrodes. Moreover, the irreversible Li loss due to Li plating and
SEl formation has been quantified, which accounts for 16.8% of the total Li in the battery. This work
provides a mechanistic understanding of the degradation mechanism of commercial LIBs, guides the
rational design of commercial batteries and inspires the design of charging and discharging protocols

rsc.li/materials-a

1. Introduction

Achieving the fast-charging goal without negatively impacting
the lifetime and safety is a key challenge nowadays in lithium-
ion battery research."” Compared with the standard constant
current-constant voltage (CC-CV) charging protocol, the
constant current (CC) charging mode without the CV segment
not only significantly shortens the charging time but also
effectively prolongs 20% of the battery service life.>> Based on
the CC charging protocol, a series of optimized charging
protocols, such as pulse charging® and multistage constant
current charging,” are designed to extend the battery life further
or shorten charging time. However, most of these protocols are
derived from extensive testing campaigns performed at the full
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toward enhanced cycling stability and prolonged cycle life.

cell level, rather than being rationally designed based on the
degradation mechanism of the battery, due to the very limited
understanding of the battery degradation mechanism in CC
cycling. Therefore, mechanistic insights into the failure mech-
anisms of batteries during CC cycling are necessary for
designing a more rational battery charging protocol.

Battery degradation involves many possible degradation
modes under various aging conditions, which are caused by
internal structural changes and/or chemical side reactions. The
main issues related to battery degradation include loss of
lithium inventory (LLI) and loss of active material (LAM) at both
positive and negative electrodes, resulting in capacity fade and
resistance increase (RI).* Specifically, the loss of lithium
inventory may be caused by the interphase formation and its
continuous thickening and Li plating.® The loss of active
materials may occur due to transition metal dissolution,
graphite exfoliation or structure collapse, and isolation of active
materials from ionic or electronic conduction.® In addition, the
resistance increase is mainly caused by interphase growth and
crack formation." Although all the aforementioned modes arise
often in most aging situations, their impact degrees and the
primary aging mode vary significantly under different battery
operation conditions.
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Moreover, various analytical techniques have been reported
in the literature to identify the aging mechanism of recharge-
able batteries, from the level of full cells to materials. Among
them, incremental capacity analysis (ICA) and a close-to-equi-
librium open-circuit voltage (cte-OCV) are always used to qual-
itatively analyze the battery aging at the full cell level.**> ICA
can also be used to quantify the loss of lithium inventory and
the loss of active materials. Still, the results are greatly affected
by the magnification of the charging-discharging curves,
resulting in ambiguous results.''* Besides, operando electro-
chemical impedance spectroscopy (EIS) can be employed to
derive the cell impedance.

To quantify the aging effects on batteries, post-mortem
analysis of the electrodes is necessary. Because LLI mainly
occurs on the negative electrode, Fang et al.’® quantified the
inactive lithium on the lithium metal anode surface (based on
the gas produced from some lithium compounds reacting with
water) by an innovative analysis combining titration gas chro-
matography and X-ray photoelectron spectroscopy (XPS) anal-
ysis. To evaluate the loss of active materials, multiple
characterization techniques such as SEM imaging and Raman
and XPS tests have been employed to quantify the areal crack
formation'® and transition metal dissolution.’” Furthermore,
some researchers quantified the loss of active materials by
means of manufacturing and testing coin cells with a Li-metal
counter electrode in coin cells, in which the capacity decrease
for the aged vs. fresh electrode corresponds to the amount of
loss of active materials.*®*®

In this work, we have performed battery aging tests and post-
mortem analysis to unravel the major processes related to the
degradation of commercial Li(Niy5C00,Mng3)0, (NMC 532)/
graphite LIBs under CC cycling and identified the primary aging
mechanism. In particular, we have quantified the LLI on
a graphite anode with a novel procedure combining pH
measurement with XPS analysis. Compared to titration gas
chromatography, the pH measurement worked out much more
easily and also potentially more reliably. Moreover, the loss of
active materials of the NMC 532 cathode and graphite anode
was evaluated with a coin cell, and the resistance increase was
analyzed by operando EIS in full cell and coin cell tests at the
electrode level. Furthermore, the interfacial film was analyzed
by the XPS test on the surfaces of the positive electrode and
negative electrode. Finally, we conclude this work by providing
a comprehensive aging mechanism evaluation for Li-ion
batteries that are aged under CC cycling conditions and
a perspective for the application of batteries as well as the
design of next-generation Li-ion batteries.

2. Methodology

2.1 Battery and cycling protocols

In this study, a commercial 18650-type Li-ion battery (model:
HTCNR18650-2200mAh-3.6V) with NCM 532 and graphite as
the cathode and anode, respectively, was used. During the
aging, the battery was placed in a climatic chamber, which was
set at 35 °C. The battery was aged by charging with 2.2 A (1C-
rate) from 2.5 to 4.2 V and immediately discharging with 4.4 A
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(2C-rate) to 2.5 V. No constant voltage stage was considered
during charging or discharging. Furthermore, there was no
relaxation time between the charge and discharge processes.
The test platform and electrical connections between the
battery cell and the battery test station are shown in Fig. S1.T A
temperature sensing probe was mounted onto the battery
surface to monitor the real-time temperature variation during
cycle aging. After every 100 cycles, reference performance tests
(RPTs) were carried out to measure the battery capacity and
determine its incremental degradation. The capacity was
measured in CC-CV mode by charging the battery with 0.55 A
(0.25C-rate) until a maximum voltage of 4.2 V was achieved. The
charging process was considered finished when a cut-off
current of 0.11 A was reached. After an hour break, the battery
was discharged by CC with 0.55 A (0.25C-rate) until it reached
a minimum voltage of 2.5 V followed by an hour break. After the
break, the measured voltage value is considered to be the cte-
OCYV of the battery. The state of health (SOH) was determined
according to the discharge capacity. Furthermore, the electro-
chemical impedance spectroscopy (EIS) technique was used for
measuring the battery impedance with a Digatron potentiostat
for the fresh cell and the 1000 cycle-aged one at 10%, 30%, 50%,
70%, and 90% state-of-charge with a frequency from 6.5 kHz to
10 mHz. The obtained EIS spectra were fitted with an appro-
priate equivalent circuit model using the ZsimDemo software
(provided by Ametek company).

2.2 Disassembly of commercial LIBs, pH test and coin cell
evaluation

2.2.1 Disassembly of commercial LIBs. After performing
the above-described cycling test, the aged cell and a fresh cell
were discharged to 2.5 V at a constant current of 0.22 A (0.1C).
Then, they were carefully disassembled in a glove box in an
argon atmosphere. To avoid cross contamination, the retrieved
positive and negative electrodes were separately washed with
diethyl carbonate (DEC) for 10 minutes and dried in the glove
box for 48 hours.

2.2.2 pH test. The middle parts of the negative electrodes of
the fresh cell and aged cell were cut into 2 cm” and placed into
two volumetric flasks with 20 mL of deionized water, respec-
tively. After the produced gas was released by magnetic stirring,
the volumetric flasks were sealed and placed in a 60 °C oven for
a week to ensure that the lithium compounds were fully reacted
and dissolved in water. Then, 1 g BaCl, was added into the
flasks to remove CO,>~ and F~ from the solution in the form of
BaCO; and BaF, to exclude the interference from alkaline
Li,CO; and weak alkaline LiF that can hydrolyze and produce
extra OH ™. Finally, the pH (pH meter: 1100 L from VWR and
accuracy: +0.005) was tested after the solution cooled down to
room temperature. The above tests were repeated 3 times and
the average pH value was chosen.

2.2.3 Coin cell assembly. The middle parts of the electrodes
from the dismantled cells were cut into circles with a diameter
of 14 mm. After drying in a 110 °C oven for 6 hours, the elec-
trodes were used to build CR2032 coin cells with a 15 mm
diameter, 450 um thick Li metal and a Celgard 2320 separator.

This journal is © The Royal Society of Chemistry 2023
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To fill up the cells, we used 1 M LiPF; in the solution of dimethyl
carbonate (DMC)/diethyl carbonate (DEC) with a volume ratio of
1:1. The capacities of the assembled coin cells were measured
using a Land CT 2001A battery tester, in the voltage range from
2.75V to 4.2 V for the NMC 532/Li cell and from 0.001 Vto 1.0 V
for the graphite/Li cell. Furthermore, their impedance was
measured by means of EIS using a Palmsens potentiostat.

2.3 Materials characterization

A Zeiss EVO 60 scanning electron microscope (SEM) was
employed to image the morphologies and measure the thick-
nesses of the positive and negative electrodes. X-ray photo-
electron spectroscopy (XPS) measurements were performed
using a Specs XR50 with a non-monochromated Al Ka. (1487 eV)
X-ray source and a Phobos 150 1D-DLD electron detector. The
crystalline structure of the electrode materials was character-
ized at 40 kV with X-ray diffraction (XRD) using a device man-
ufactured by Panalytical and was also measured with Raman
spectroscopy using a 532 nm laser.

3. Results and discussion
3.1 Aging of the full cell

ICA and cte-OCV techniques were employed to preliminarily
diagnose the battery degradation mechanisms. The charging/
discharging curves from eleven RPTs are presented in Fig. 1a.
With the battery aging evolution, the charging plateau shows an
increasing trend, whereas the discharge plateau becomes lower.
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Then, the voltage gap between the charging and discharging
plateaus, which is associated with the battery impedance, is
gradually increasing. Meanwhile, the voltage plateau is signifi-
cantly shortened, corresponding to a decrease in capacity. To
further clarify the process of voltage plateau evolution, ICA was
applied to the charging-discharging curves in Fig. 1a, and the
obtained results are shown in Fig. 1b. The IC curves are asso-
ciated with the phase transitions of active materials during the
Li" shuttle, corresponding to the a and b peaks in the charging
process and c¢ peak in the discharging process. Along with
cycling, the IC peaks in the charging process show an obvious
shift toward a higher voltage, implying a polarization increase.*®
Usually, the shift of the higher voltage peak a may be related to
a disproportionate loss of the active material at the positive and
negative electrodes.”® In this work, we choose the shift of the
b peak at a lower potential to quantify the increase in polari-
zation, as shown in Fig. 1c. The progression of the capacity fade
(expressed as SOH) is clearly related to the increase in
polarization.

A close-to-equilibrium open-circuit voltage (cte-OCV)
measurement was carried out to analyze the OCV behavior with
battery aging, as shown in Fig. 1d. The discharging cte-OCV
increases gradually, due to the increase in polarization. As ex-
pected, the charging cte-OCV did not increase, instead a slightly
decreasing trend is observed. This will lead to a decreased
charging OCV range as well as a decreased charging capacity.

The polarization was evaluated by performing an operando
electrochemical impedance spectroscopy (EIS) test. As shown in
Fig. 2a and b, the measured results are Nyquist plots, which are
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Fig. 1 Electrochemical behavior from the reference performance test (RPT) after every one hundred cycles at 0.25C (0.55 A) and 25 °C. (a)
Charge and discharge curves, (b) IC curves, (c) SOH and polarization evolution (shift of the b peak in (b)) over cycling, and (d) charging and
discharging cte-OCV. The arrows represent the real voltage window of discharging/charging.
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Fig. 2 EIS spectra at different SOCs for a (a) fresh cell and (b) an aged cell; (c) schematic illustration and an equivalent circuit used to fit the EIS
Nyquist plots; the fitted results for (d) Rsei, and (e) R (f) the temperature tested using a temperature sensing probe on the outer surface of the

cell.

composed of three parts with different frequency ranges, rep-
resenting the bulk resistance (Ronm), the solid electrolyte
interface resistance (Rs), and the charge transfer resistance
(Rcy), respectively.® The inserted equivalent circuit was employed
to fit the Nyquist plots, as shown in Fig. 2c. The obtained results
are presented in Fig. 2d and e. Here, the R,y will not be
adopted due to an unstable ohmic impedance caused by the
connector of the electrochemical workstation, and this always
shows little change in battery aging.>*> Therefore, the Nyquist
plots were translated to the origin of the coordinates. After 1000
cycles, a four-fold increase in the Rg; from below 8 mQ to about
30 mQ is observed (Fig. 2c). Besides, R has increased to over 20
mQ (Fig. 2d), indicating an overall degradation at the electrode
interface and charge transfer. Furthermore, Ry and R
decrease with the battery charging. R is related to the diffu-
sion of Li ions at the interface and the R is linked to the
electrochemical reaction.”® As reported in ref. ** the SEI film is
partially ruptured at high SOC due to the increased volume of
lithiation graphite, and recovers in the followed discharge
process. So, the Ry decreased with battery charge. Further-
more, a high SOC is linked to a high voltage as well as an active
state of the electrochemical reaction, resulting in a lower R.
The temperature of the battery surface was detected in the aging
process, as shown in Fig. 2f. The temperature changes period-
ically with the charge-discharge cycle. Besides, the temperature

44 | J Mater. Chem. A, 2023, 11, 41-52

range fluctuates, due to an uncontrollable change in the
sticking position or tightness of the thermal probe on the
battery surface. With the increase in the cycle number, the
temperature of the battery surface gradually increases (varying
from a low temperature of 42 °C to a high temperature close to
55 °C). The temperature increment will lead to a series of side
reactions inside the battery during electrochemical cycling, for
example, the rupture and reformation of the interfacial film at
high temperatures, resulting in a continuous increase of the
internal impedance. This is consistent with the discharge cte-
OCV trend, further illustrating that the internal impedance
continues to increase with battery cycling.

It can be concluded from the above operando diagnosis that
the battery capacity fade during operation is dominated by the
internal resistance in constant current cycling, especially for the
R increase. For further quantifying the degradation, a post-
mortem analysis is necessary to be performed.

3.2 Post-mortem analysis

The aged cell and fresh cell were disassembled to evaluate the
loss of lithium, loss of active materials, and increase of
impedance in a qualitative or quantitative way. Upon opening
the battery, liquid electrolyte was present in the disassembled
cell and the electrodes were wet, suggesting that the
consumption of electrolyte is not the major factor for battery

This journal is © The Royal Society of Chemistry 2023
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failure. The retrieved electrodes are shown in Fig. S2.T Both the
fresh positive and negative electrodes showed smooth surfaces.
The positive electrode was black and shiny, and the negative
electrode showed a dark gray color. In contrast, the surfaces of
both electrodes in the aged cell appeared rough, and some
cathode materials peeled off the positive electrode. Besides, the
surface of the negative electrode was covered with a layer of
a dark yellow substance, which could be SEI/lithium-rich
regions caused by the electrolyte decomposition or Li plating.*

3.2.1 Loss of Li on the negative electrode. Loss of Li-ions,
which results in capacity loss, mainly occurs on the negative
electrode in the form of Li plating or a surface film.** The SEM
image in Fig. 3a shows smooth and plump graphite particles of
the fresh negative electrode. In contrast, the aged graphite
shows a collapsed structure covered by a rough surface layer and
some small particles, as shown in Fig. 3b. The rough surface
layer is considered to be the SEI film,* while the small particles
are considered to be Li dendrites in some reports.”® To prove the
presence of irreversible Li on the surface of the aged negative
electrode, a piece of the disassembled negative electrode after
washing with DEC was directly placed into water, which

H,0 "
Lio LIOR o
e,

Graphite

Washed by DEC

[ Fresh anode
I Aged anode

Graphite

Dissolved in water

View Article Online
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Table 1 The dissolved species or reactions with water of lithium or
lithium compounds on the anode

Components Reactions with water Species in solution
Li 2Li + 2H,0 = 2LiOH + H, 1 Li", OH™

Li,O Li,O + H,0 = 2LiOH

CHSLi CHLi + H,O = LiOH + CH, 1

ROLi ROLi + 2H,0 = 2LiOH + H,1

LiOH N.A.

LiF N.A. Li', F~

Li,CO, N.A. Li", CO;%~

violently reacted with water producing significant bubbles, as
shown in Fig. S3.1 After reaction with water, the negative elec-
trode shows a clean surface, and the SEM image is shown in
Fig. 3c. Most of the particles and rough surface layer have dis-
appeared, and then a collapsed graphitic shape and a smooth
surface appear. This is due to the reactions between the water
and Li or Li compounds. The possible reactions and solubility
of these Li compounds are summarized in Table 1** The reac-
tion product is mainly alkaline soluble LiOH. pH measurement

’ Aged anode
\1st wash: DEC
2nd. wash: H,0|

3

c(OH-)=c(LiOH)

)

BaF2 L

BaCl,

Bacosl
Graphite

Li loss in plating

Fig. 3 Lithium loss on the negative electrode surface. SEM images of the graphite anode from (a) the fresh cell, (b) the aged cell after washing
with DEC, and (c) the aged cell after washing with DEC and then with water; (d) the mechanism diagram of the dissolution of lithium compounds
in water and quantified by the pH test, and the quantified result of the LiOH content is shown in (e); Li 1s XPS spectra of the negative electrode

from (f) fresh cell and (g) aged cell.

This journal is © The Royal Society of Chemistry 2023
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has been widely used to quantify residual lithium in nickel-rich
material production.”® Here, we use the pH value to quantify the
irreversible lithium that can react with water and dissolve in
water as a state of Li" and OH ™, and the process is illustrated in
Fig. 3d, followed by X-ray photoelectron spectroscopy (XPS)
measurement to quantify the total content of lithium loss on
the graphite anode.

The pH values are 10.64 and 8.81 for the aged and fresh
negative electrodes, respectively, corresponding to a lithium
loss of 1.10% and 0.02% in the form of Li°, Li,O, LiOH, CH,Li,
and ROLi, as shown in Fig. 3e. Furthermore, the XPS spectrum
of Li 1s was measured for the electrodes of Fig. 3a and b, as
shown in Fig. 3f and g, respectively. There are three fitted peaks
for the aged negative electrode, which belong to LiF, Li,COs;,
and Li/Li-O compounds, corresponding to an amount of
73.66%, 19.79%, and 6.55% Li, respectively. Here, the Li/Li-O
compounds correspond to the pH quantified part (1.10%).
Therefore, the lithium loss in the aged negative electrode can be
quantified as 16.82%. Note that some active Li inserted in
graphite during the voltage recovery from a fully discharged
state. So, the pH test and XPS results establish that the lithium
loss is much lower compared with the capacity loss (over 50%).
This further proves that there is no significant amount of
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inactive lithium on the negative surface. Furthermore, the
quantified Li loss in our research is close to other reported Li
contents in SEI films.">*

3.2.2 Materials degradation. Fig. 4a and b show the cross-
section SEM images of the fresh and aged positive electrodes,
respectively. The average thickness of the fresh positive elec-
trode is 137 pm (Fig. 4a). After aging, the average thickness
increases to 153 um (i.e., increases by 11.7%) (Fig. 4b). Besides,
cracks appeared and extended to the inner part of the electrode,
resulting in loose particles and intra-electrode voids, which is
one of the reasons for the increased electrode thickness.

Another reason is the increased volume of cathode grains,
which can be evaluated by the left shift of the XRD pattern as
shown in Fig. 4c. This will lead to an increase in the paths of
charge transfer and Li diffusion as well as an increased internal
resistance. Besides, the inconspicuous splitting peaks (006/012)
mean a decreased crystallinity, and the increased 1(003)/1(104)
means increased Li/Ni cation mixing for the aged positive
electrode.?® Furthermore, the deterioration of the material is
also reflected in particle morphology. The surface of the fresh
cathode particles (Fig. 4d) is smooth, and then, pulverization
and cracking happen during aging (Fig. 4e). Besides, the pres-
ence of residue powders on the cathode particle surface seems
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Fig. 4 Cross-section SEM images of (a) fresh and (b) aged positive electrodes. (c) XRD patterns of the fresh and aged positive electrodes (PE).
SEM images of (d) fresh and (e) aged NMC particles. (f) Raman spectra of the fresh and aged positive electrodes. Transition metals (Mn, Co, and Ni)
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to be due to interface compositions, and this was tested by XPS
as shown in Section 3.2.3. The cracks are also reflected in the
Raman spectrum (Fig. 4f), where NMC can be thought of as
a solid solution of LiNiO,, LiMnO,, and LiCoO,. Among them,
layered LiNiO, and LiCoO, contribute only two Raman-active
modes, one is the A;; mode at 609 cm™ ! and the other is the Eg
mode at 503 cm ', corresponding to the out-of-plane M-O
stretch and in-plane O-M-O band, respectively.*® The additional
weak bands were contributed by LiMnO,. After aging, the
increased E; mode means an increase in the amount of the in-
plane O-M-O band, which is consistent with the crack forma-
tion and inside-surface exposure as shown in Fig. 4e. As re-
ported, the HF from electrolyte decomposition is easy to
penetrate into cathode particles and induce serious side reac-
tions, causing the transition metal to dissolve in the electrolyte
and then deposit on the negative electrode surface. EDS point
scans were performed to verify the presence of transition metal
elements Ni, Co, and Mn, as shown in Fig. 4g. Furthermore, Ni,
Co, and Mn elements can also be observed by XPS from the
surface of the aged negative electrode (Fig. 4h). As reported in
ref. ** and *', the Co deposits on the graphite surface can also
accelerate the exfoliation of graphite, leading to a severe
degradation of the full cell.

The factors of particle cracks, increase in grain volume, Li/Ni
mixing, and transition metal dissolution have an impact on

View Article Online

Journal of Materials Chemistry A

electrode capacity degradation, which can be evaluated using
coin cells. As shown in Fig. 4i, the aged positive electrode shows
a higher charge plateau and a lower discharge plateau, which
are caused by polarization. Furthermore, there is no evident
constant-voltage charging segment for the aged positive elec-
trode, which means that the positive electrode has been fully
charged before the constant-voltage charging period with
a 0.05C current. In contrast, the battery voltage of the aged
positive electrode prematurely reaches the upper cut-off voltage
during charging due to a high internal resistance, resulting in
a long constant-voltage charging period as well as a decreased
battery capacity. However, over 86% of the initial capacity is still
maintained.

Similarly, the negative electrode also becomes thicker after
aging. The thickness of the fresh negative electrode is 200 um
(Fig. 5a), which increased to 271 pm (i.e., 30.5% increase) after
aging (Fig. 5b). There are a lot of cracks and exfoliated pieces in
the aged negative electrode, which is a key reason for the
thickening of the negative electrode. Besides, the materials are
stripped from the current collector, leading to an increase in R,
as illustrated in Fig. 2e. From the top view, the surface film,
which has a thick and cracked surface, can be observed on the
top of the aged negative electrode (Fig. 5d), and a surface film
also can be observed from the edges of the graphite particles in
the SEM image (Fig. 5f), which is the main reason for surface
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Fig. 5 Cross-section SEM images of (a) fresh negative electrode and (b) aged negative electrode; top surface SEM images of (c) fresh negative
electrode and (d) aged negative electrode; SEM images of (e) fresh graphite particles and (f) aged graphite particles; (g) Raman spectra of the fresh
and aged negative electrodes; (h) XRD patterns of aged and fresh negative electrodes; (i) charge and discharge voltage curves obtained by testing

against Li in coin cells in a voltage range of 0.001-1.0 V at 0.05C.
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impedance in batteries. Besides, the graphite particles collapse
into irregular shapes after degradation. Furthermore, Raman
measurements with laser wavelengths of 532 nm were per-
formed to test the interface structures of both fresh and aged
negative electrodes (Fig. 52). However, Raman spectroscopy can
only detect a very weak graphitic phase from the aged negative
electrode interface, implying that the thickness of the interfa-
cial precipitates is close to 500 nm. XRD patterns were recorded
to evaluate the structure change, as shown in Fig. 5h. Layer
spacing of graphite increased from 3.346 A to 3.575 A with the
aging, resulting in a volume expansion of the negative electrode.
This is another reason for the electrode thickening.

The influence on negative electrode capacity is shown in
Fig. 5i. The lithiation process of the graphite anode can be fully
carried out with a lower cut-off voltage (0.001 V). The capacity
fade of the lithiation process represents the loss of lithium-
intercalated graphite, which is less than 15%. However, the de-
lithiation process is easily affected by the initial charging
voltage caused by an internal impedance, and the coulombic

View Article Online
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efficiency of the aged negative electrode is only 65.6%, resulting
in a 44% capacity loss in the de-lithiation process compared
with that of the fresh negative electrode.

3.2.3 Interfacial impedance of electrodes. Li compounds
are plated on the negative electrode surface together with other
solvents to form a SEI layer. Similarly, the surface layer on the
positive electrode is called the “cathode-electrolyte interphase
(CEI)”. The SEI and CEI usually can be unified as the “electrode-
electrolyte interphase (EEI)” which is the main reason for
battery potential drop during cycling by forming a thermody-
namic potential gap between the electrodes and electrolyte.*

From the above analysis, it was found that an increase in
impedance is the main reason for the capacity fading of the full
cell, positive electrode, and negative electrode. Fig. 6a and
b compare the impedance evolution of both positive and
negative electrodes upon cycling, and the fitted results are
shown in Fig. 6¢. The R..; of the aged positive electrode is 574.5
Q which is higher than that of the fresh one (42.47 Q). Besides,
an extra semicircle appears in the impedance spectra of the
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Impedance evolution tested using coin cells for the fresh and aged (a) positive electrode (PE), and (b) negative electrode (NE), and (c) fitted

results, Regi: Rsei OF Reei; XPS spectra of (d) F 1s, O 1s, C 1s, and Li 1s for the positive electrodes and (e) F 1s, O 1s, and C 1s for the negative
electrodes; (f) the chemical composition obtained by quantitative XPS characterization of the SEI film on the negative electrode surface and CEl

film on the positive electrode surface.
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aged positive electrode (Fig. 6a), indicating deteriorated elec-
tronic conductivity,®® which is related to the cracks and
pulverization on the cathode. Furthermore, the impedance
spectra of the negative electrode are shown in Fig. 6b. The Rg; of
the aged negative electrode is 1052 Q, while the R; of the fresh
one is only 183 Q. Therefore, the impedance of the positive and
negative electrodes is mainly contributed by the interface film.

Here, XPS was performed to probe the EEI compositional
information on the fresh and aged batteries.

XPS was performed to identify the CEI composition, and the
results of F 1s, O 1s, C 1s, and Li 1s are shown in Fig. 6d. This
indicates that CEI films are mainly composed of Li,P,OF, (peaks
at 688.5 eV in the F 1s spectrum), LiF (peaks at 56.5 eV in the Li
1s spectrum, and 686.3 eV in the F 1s spectrum), C-O (peaks at
535.3 eV in the O 1s spectrum), CO (peaks at 288.9 eV in the C 1s
spectrum), Li,CO; (peaks at 55.6 eV in the Li 1s spectrum and
291.0 eV in the C 1s spectrum), and Li-O (peaks at 51.5 eV in the
Li 1s spectrum). It is worth noting that the percentage of lattice
oxygen increases obviously for the aged positive electrode in the
O 1s spectrum, which is related to the crack formation and
exposing a vast fresh surface inside secondary particles,* which
is consistent with the SEM analysis in Fig. 4e. Furthermore, this
was further confirmed by the enhanced bands of Ni-Li, Co-Li,
and Mn-Li in the Li 1s spectrum.

For the SEI film (Fig. 6e), the formation of Li,P,OF; origi-
nates from the reactions of trace H,O and LiPF; in electrolyte,*
which belongs to the primary precipitated solid and can
decompose to form LizPO, and LiF.>***” In the Li 1s spectrum,
Li,CO; is mainly derived from electrolyte decomposition.*®
Besides, Li,O (peak at 52.4 eV) can be attributed to Li reducing
CO, that comes from the decomposition of Li,CO; at a high
voltage (about 4.2 V).*®

However, the percentage of Li-O in our research is not as
high as that in other related reports,* due to the low upper cut-
off voltage (4.2 V) and the absence of the constant-voltage
charging stage. Besides, the C-O and CO compounds are from
the reduction of the electrolyte solvent, such as diethyl
carbonate (DEC).

A quantitative analysis of the XPS data was performed for
further analysis. As shown in Fig. 6f, inorganic compositions are
the major EEI components, which play an essential role in
achieving the electronic insulation of the EEI.** For the SEI film,
the increased content of organic compositions (such as C-O and
CO) on the aged NE originates from the decomposition of
ethylene carbonate (EC), which is related to a degraded elec-
trolyte.*® Furthermore, Li,CO; and LiF are the main ionic
carriers for Li* diffusion at the interface. The decreased
percentage of LiF in the aged anode will hinder the diffusion of
Li-ions, as well as lead to an increased R; as shown in Fig. 2d
and 6b. Unlike the SEI film, the most occupied components in
the CEI film are Li,P)OF, and organic components, due to LiPFg
decomposition at high voltage on the positive electrode side.*®
Besides, the percentage of inorganic compounds (Li.P,OF;,
Li,CO;3, LiF, and Li,O) changed after aging, due to the further
reformation of the CEI and SEI that is more easily damaged at
high operation temperature. As a result, the interface

This journal is © The Royal Society of Chemistry 2023
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composition changes in both the negative and positive elec-
trodes along cycling.

3.3 Discussion on the degradation mechanism and
perspectives for stabilization

The battery finally drops to 52% capacity in CC cycling, which is
due to the loss of active materials on the negative electrode, the
loss of active materials on the positive electrode, the loss of Li-
ions, and an increased interfacial impedance, as summarized in
Fig. 7. We quantify the available electrode materials based on
the amount of Li that can be inserted into the electrode during
lithiation in coin cell tests. The results show that less than 15%
loss of active materials occurs on the negative and positive
electrodes. Furthermore, the loss of Li-ions is also not the key
limiting factor for the battery capacity fading, which only
accounts for 16.8% from the pH and XPS analyses. Significantly,
the resistance increase is the limiting factor for the battery
capacity retention rate, resulting in 44% capacity loss for the
negative electrode and 14% capacity loss for the positive elec-
trode. The increased resistance is mainly caused by the inter-
face films, such as the SEI film on the negative electrode and
CEI film on the positive electrode.

To further extend the battery life, some measures can be
taken to stabilize the battery performance from the aspects of
full-cell operation, electrode fabrication, or electrode material
preparation. At the full-cell application level, the impedance
increase can be inhibited by some reasonable charging/dis-
charging protocols, such as dynamic pulse current.® The
thickening of the SEI film is mainly caused by the repeated
formation and cracking processes, resulting in an increased
interface impedance and a deteriorated battery performance.
The application of pulse current in LIBs can construct a high
stability and low impedance SEI film.*® Then, the increase in
interface impedance can be effectively inhibited. Furthermore,
adjusting the frequency and duty cycle of pulse current can
achieve a fast charging. Besides, the temperature of the battery
during operation is high and the surface temperature is close to
50 °C, even at room temperature. The high temperature will
exacerbate the side reactions at the electrode interface, and
then transition metals from the positive electrode will dissolve
in the electrolyte and deposit on the graphite surface, resulting
in the loss of active materials and an impedance increase.
Therefore, heat dissipation or cooling systems are needed for
the battery to operate in high-temperature environments.

At the electrode level, the phenomenon of active materials
peeling is obvious for both aged positive and negative elec-
trodes, and the formed debris detaches from the electrodes and
current collectors, not only causing the loss of active materials
but also hindering the diffusion of Li-ions. A durable binder is
necessary to build a tight connection between the active mate-
rials and the current collector. Besides, the thickness of elec-
trodes is also an important parameter for the battery
performance. With a thicker electrode, the Li-ion transport path
is longer, resulting in a battery impedance increase. However,
a smaller electrode thickness will lead to a low energy density.
Furthermore, the thickness of electrodes is also related to the
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Fig. 7 Overview of the processes related to battery capacity fade and perspectives for extending the cycle life.

ratio of the negative electrode capacity and positive electrode
capacity, ie., the N/P ratio. A high N/P ratio means excess
graphite as well as SEI film formation, while a lower N/P will
lead to the formation of Li-plating.® Therefore, the thickness of
electrodes (N/P) can be optimized to reduce the loss of active
materials and inhibit the impedance increase.

At the material level, the pulverization and volume expan-
sion of the cathode particles are serious, which will enlarge the
transfer path of Li-ions, resulting in an increased impedance.
The cathode materials with a single-crystal structure will effec-
tively inhibit pulverization and volume expansion. Besides, the
lower specific surface area of single-crystal particles also
inhibits the amount of interface film and the dissolution of
transition metals.* For the interface film, constructing an
artificial SEI on the graphite surface can inhibit the deposition
derived from electrolyte decomposition and the anion solvation
effect, resulting in a stable electrode/electrolyte interface as well
as superior cycling stability.*

50 | J Mater. Chem. A, 2023, 1, 41-52

4. Conclusions

This study identifies the dominant aging mechanism of
commercial Li(Ni,5Co,Mn, 3)O,/graphite batteries under CC
cycling conditions at the full cell, electrode and material levels.
After a controlled aging test for 1000 cycles, the cell capacity
drops by 52% (0.25C), which is mainly caused by the increased
internal impedance. In particular, both the positive and nega-
tive electrodes show a significant increase in impedance, espe-
cially the interface resistance ascribed to the formation of the
EEI films, which leads to more rapid voltage collapse to cut-off
voltage and hence reduced capacity. Moreover, the increased
internal impedance aggravates the heat generation during
battery operation which exacerbates the parasitic reactions and
accelerates the battery degradation. At the material level, the
cracking/pulverization of NCM particles and transition metal
dissolution are the main degradation processes on the positive
electrode side, while the >35% capacity drop of the negative

This journal is © The Royal Society of Chemistry 2023
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electrode is mainly caused by the increased interfacial imped-
ance. Besides, the Li-plating and SEI films are the main causes
for the loss of active Li-ions, accounting for 16.8% of the total Li
ions in the battery.

The degradation mechanisms of commercial NCM/graphite
LIBs identified in this work provide guidance to rationalize the
discharging and charging protocols for enhanced cycling
stability and cycle life. The aging mechanisms and the meth-
odology for identifying them could also be generalized and
extended to other types of rechargeable batteries or electro-
chemical energy storage devices.
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