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Application of advanced anode and cathode materials in commercial lithium-ion batteries is attracting
attention due to their high capacity. Silicon (Si)/graphite anodes and nickel (Ni)-rich lithium nickel
manganese cobalt oxide with layered structures have been paired in commercial 18650 high energy density
cells (~270 Wh/kg). It is crucial to investigate the cell performance and the aging behavior of this
commercial cell. In this study, we present commercial cell degradation mechanisms by comparing fresh
and aged electrodes, including changes of crystal structure, morphology, elemental composition, and
electrochemical properties. The quantitative analysis was done based on dV/dQ incremental capacity
analysis of 18650 cells. To determine the amount of cyclable lithium ions (Li") and active material loss, the
lithiation and delithiation capacity were compared for fresh and aged electrodes in half coin cells. Results
showed that even with 5% (by mass) of Si added in the anode, cracks occurred across the anode leading to
contact loss and thickening of the solid electrolyte interphase (SEI) layer. Additionally, the average fluorine
(F) ratio of the aged anodes was higher compared to that of the fresh anodes. More severely, the F content
on the Si aggregations on aged anodes increased to as high as 5 times that of the fresh anode, indicating
SEI growth, especially on Si particles. Solid "Li nuclear magnetic resonance results showed no detectable
Li metal deposition on the aged anode. On the cathode side, cracks on the primary particle interfaces
contributed to cathode material loss, contact loss, and impedance rise. Therefore, Li* loss into the thickened
SEI layer, particle cracking, and impedance rise are the main reasons behind cell degradation.
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1. Introduction

Lithium (Li)-ion battery technologies have been surging and are being intensively pursued for the electric
vehicle market and grid energy storage [1, 2]. To improve the cell energy density, advanced electrode
materials have been developed such as silicon (Si) anodes [3, 4], sulfur or lithium sulfide cathodes [5, 6],
and high-voltage layered transitional metal oxide cathodes [7-9]. However, these high energy density
materials suffer from poor cycle life due to a wide variety of physical degradation mechanisms.

An Si anode is one of the most promising candidates due to its high capacity (3,579 mAh/g, Li;sSis)
compared with that of the traditional graphite anode (372 mAh/g, LiCe) [3, 10, 11]. However, the
application of a pure Si anode is hampered mainly because of large volume fluctuation up to 300% and
continuous side reactions on the Si surface during repeated lithiation and delithiation processes [12-14].
Incorporation of small quantities of Si into graphite slurries has been a focus of recent studies and has
started to be used in commercial Li-ion batteries to improve capacity while retaining the high stability of
graphite electrodes [15-18].

Studies on the Si-graphite electrochemical reactions and degradation mechanisms have been performed
[16-18]. In general, two degradation phenomena were observed: silicon particle degradation determined by
its intrinsic properties ascribed to the huge volume fluctuation and electrode degradation determined by the
electrode composition [15, 19]. Klett and co-authors [19] reported and explained the potential hysteresis
and cell impedance changes of the Si-graphite anode in comparison with graphite anode. They confirmed
that Si-graphite electrodes showed a superposition of graphite potential plateaus on a sloped Si voltage
profile with a larger voltage hysteresis, leading to the increasing cell impedance. Pairing with different
cathodes such as lithium cobalt oxide (LiCoO,) [17], lithium nickel manganese cobalt oxide
(Li[NixCoyMn,]O, where x + y+ z = 1, also known as NMC) [16, 18, 19], or lithium iron phosphate
(LiFePO4) [15] in coin cells or pouch cells makes the full cell degradation mechanism investigation more
complicated. It was reported that with limited Li" resources in full cells, the side reactions between
electrolyte solvents and the electrode surface lead to accumulation of solid-electrolyte interphase (SEI),
clogging of the electrode pores, consumption of cyclable Li ions, and internal imbalance in the cell forcing
the electrodes to cycle within a continuously reducing compositional range [17]. In general, the main
commonly degradation modes include loss of Li-ion inventory, loss of active material of the negative and
positive electrodes, and impedance rise [20].

NMC materials are a promising family of cathode materials for Li-ion batteries, especially NMC 333
(LiNig33C00.33Mnyg 3302), which is already commercialized [21]. Nickel (Ni)-rich NMC cathodes such as
NMC 622 (LiNi.6C0o2Mng20,) and NMC 811 (LiNipsCoo.1Mng 10,) show higher capacity yet with the
tradeoff of decreasing cycling stability [7, 8]. Various research efforts have compared properties of different
NMC materials and studied their degradation mechanism. It is suggested that as the concentration of Ni
increases, the presence of Ni** and Ni*" also increases. Ni ions at higher oxidation states are unstable and
tend to react with the electrolyte, leading to oxygen release and phase transition [22-24]. Therefore,
degradation of Ni-rich NMC is more severe than NMC 333. Specifically, for NMC 622, Tian et al. studied
its depth-dependent redox behavior using synchrotron techniques and electron energy loss spectroscopy [8].
They suggested that the bulk crystal and electronic structural changes were reversible while particle
surfaces undergo irreversible reconstruction due to the side reactions between the electrolyte and delithiated
NMC 622. In addition, Xia et al. reported the chemomechanical failures in NMC 622 and found that the
heterogeneity in the distribution of chemical potential lead to local electric field and intensify
the mechanical stress which was responsible for microcracks[25]. For NMC 811, Lim et al. used multiscale
modeling approaches combining first-principles calculations and meso-scale phase-field model to explain
the origins of crack generation [26]. They found that the lattice distortion in opposite directions from x =
0.0 to 0.75, volumetric contraction at 0.75 <x < 1 and phase transformation in the region of x =0.75 - 1.00
in NMC 811 resulted in both nano-cracks in the primary particles and micro-cracks in the secondary
particles.
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Most studies described above focus on the material aging mechanism in bespoke half or full cells with extra
Li" sources or saturated electrolyte. Combining high capacity Si-graphite anode and Ni-rich NMC cathode
in the commercial 18650 cell with high capacity (>3 Ah) and limited electrolyte deserves a deep
investigation to understand the cell capacity decay and electrodes aging behavior during commercially
relevant conditions. In this work, we present a comprehensive investigation of the cell degradation
mechanisms by comparing the electrochemical properties of fresh and aged electrodes including the first
cycle lithiation/delithiation capacity, cyclic voltammetry (CV), voltage profiles, DC and AC impedance
changes versus the electrode state of charge (SOC). We also studied the changes of bulk phase structure,
morphology, and elemental composition. Such investigations are important steps toward developing high-
capacity, long-lasting commercial cells.

2. Experimental Section
2.1 Obtaining Commercial Electrodes

Commercial LG MJ1 18650 cells were received at an open circuit voltage (OCV) of about 3.3 V, indicating
that formation cycles have been completed. The commercial 18650 cell was aged using the constant current
(CC) of 1.7 A (0.5 C) at the voltage window of 2.5-4.2 V, with a constant voltage hold at 4.2 V to the
current cutoff of 50 mA between the CC charge and discharge steps. Then the 18650 cell was disassembled
at a discharged state in an Ar-filled glovebox to extract the aged anode and cathode. For comparison, a fresh
cell was also disassembled at the same condition to obtain the fresh anode and cathode. For coin cell
assembly and testing at room temperature, all electrodes were paired with Li metal in half cell
configurations without further treatment. For electrode characterizations, the electrodes were soaked in
DEC solvent overnight to get rid of any electrolyte salts on the surface.

2.2 Characterizations

Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDS) for fresh
and aged electrodes were taken on a field emission SEM (FESEM, JEOL JSM-7000F) with a JEOL EDAX
detector. The accelerating voltage was 20 kV. To study the bulk phase change of the anode and cathode
after aging, X-ray diffraction (XRD) characterizations were conducted on a Rigaku DMax X-ray
diffractometer using Cu Ko radiation (A = 0.15405 nm). Inductively coupled plasma mass spectrometry
(ICP-MS) measurements to quantify the metal elements in fresh and cycled cathodes were conducted on a
Thermo Fisher Scientific iCAP Q ICP-MS. The cathode sample powders were first heated in air from room
temperature to 600 °C at the ramp rate of 5 °C/min, then kept at 600 °C for 4 hours to remove the conductive
carbon and polymer binder before sample digestion in aqua regia. Then the digested solutions were diluted
into the concentrations of 20 ppb and 200 ppb using the dilute acid (1.5% HCI - 0.05% HNO3) for ICP-MS
measurements. Metallic lithium deposition detection was conducted using solid lithium-7 nuclear magnetic
resonance ("Li NMR) measurements, performed on a Brucker AVANCE III 400 MHz spectrometer. The
"Li solid NMR spectra were recorded at a frequency of 12 kHz. Lithium chloride (LiCl) powder was used
as a chemical shift reference set to 0 ppm. For comparison, "Li solid NMR spectra were recorded using the
same parameter setting on the fresh anode and the control graphite anode with metallic Li deposition. The
control graphite anode sample with metallic Li deposition was prepared by galvanostatic cycling at -5 °C.

2.3 Electrochemical Studies

Coin cells were assembled using harvested fresh or aged electrodes paired with a Li-metal counter electrode
in an Ar-filled glovebox at room temperature. The working electrode discs used in coin cells were punched
from approximately the center of the harvested electrodes and had a diameter of 9/16 inch. The electrolyte
was 1.2 M LiPFs dissolved in a mixture of ethylene carbonate (EC) and ethyl-methyl carbonate (EMC),
(mass ratio between EC and EMC = 3:7), with 10% (by weight) of fluoroethylene carbonate (FEC) additive.
The separator used was Celgard 2325. Open circuit potential charge/discharge tests were performed at a
low current rate (C/40, 0.000162 A) with the voltage window of 0.01 — 1.2 V for anode half cells and 2.8 —
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4.2 V for cathode half cells. Before the low-rate charge/discharge tests, all cells were discharged at C/40 to
2.8 Vand 1.2 V for cathode and anode cells, respectively, to get the full lithiation/delithiation capacity.

CV and electrochemical impedance spectroscopy (EIS) were conducted on the cells using a potentiostat
(Princeton Applied Research, Versastat 4). The CV scan speed was set to 0.1 mV/s. For EIS, the applied
alternating voltage was 10 mV in amplitude and 100 kHz to 0.1 Hz in frequency. In addition, the cell
impedance spectra at different cell voltages for one full charge/discharge cycle at the rate of C/10 (2.8 V —
4.2 V — 2.8 V for cathode cells, 1.2 V — 0.01 V — 1.2 V for anode cells) were taken by running the AC
impedance after each 30-minute charge or discharge step.

The results of DC resistance as a function of SOC were obtained from 3C discharge pulses (voltage decrease
for cathode cells, i.e., lithiation pulses; voltage increase for anode cells, i.e., delithiation pulses) for 10 s
and 2.25 C charge pulses (voltage increase for cathode cells, i.e., delithiation pulses; voltage decrease for
anode cells, i.e., lithiation pulses) for 10 s, with a 30 s rest in between. After each charge pulse, a step of
CC was done at the rate of C/10 for 1 hour. Before the DC resistance tests, all cells were discharged to 2.8
V for cathode cells and 1.2 V for anode cells. The voltage cutoff of the DC resistance is 2.5 V for cathodes
and 1.5 V for anodes.

3. Results & Discussion
3.1 Commercial Cell Performance

Figure la shows the 18650 commercial cell galvanostatic cycling performance. The cell capacities were
obtained by charging at a current of 1.7 A to 4.2 V, holding at the constant voltage of 4.2 V to the current
cutoff of 50 mA, then discharging to 2.5 V using a current of 0.68 A. For continuous aging, a current of 1.7
A was used for both charge and discharge processes. Cell capacity cycles were done after aging for each
additional week. The initial capacity of the commercial cell reached as high as 3.45 Ah. After 250 cycles,
capacity retention was ~83%. Cell voltage profiles at different cycle numbers of the aging process are
shown in Figure 1b. Due to the high charge current, constant voltage steps contributed to some charge
capacity. After aging, electrodes were harvested by opening the jellyroll. To understand the cell degradation
behavior, dV/dQ analysis was done to quantitatively analyze the degradation contributions from anode and
cathode material loss [27]. In addition, electrode characterizations and electrochemical property comparison
between fresh and aged electrodes were conducted to further confirm the capacity loss ascribed to Li ion
(Li") loss, active material loss, SEI growth, and impedance rise.
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Figure 1. The galvanostatic cycling performance of the commercial 18650 cell with a Si/graphite anode and
a Ni-rich NMC cathode. (a) Charge and discharge capacity vs. cycle number; (b) voltage profiles at different
cycle numbers.

3.2 Commercial Cell Degradation Identification
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The dV/dQ analysis is an effective quantitative analytical method to identify the degradation mechanism
of Li-ion batteries. The dV/dQ curves of the full cell can be fitted by the dV/dQ curves of the cathode and
anode by adjusting the capacities of cathode and anode and the offset between the cathode and anode
profiles [27, 28], as shown in Figure 2a, where the dV/dQ curves of the cathode and anode were obtained
from the half-cell charge/discharge tests. The dV/dQ curve of the full cell exhibits three peaks, the first two
of which reveal the signatures from the cathode, while the last peak is contributed from the anode. Therefore,
the distance between the first two peaks (denoted as Qap) can be used to quantify the change of cathode
capacity, while the change of anode capacity can be calculated from the evolution of the width of the third
peak (denoted as Qcp) [28]. The loss of Li* inventory in the cell can be generally represented by the voltage
offset between the cathode and anode potential curves. Ocp indicates the voltage slippage between anode
and cathode, providing information of Li* loss [29]. Note that Oas and Qcp provide a metric of electrode
material loss within only a portion of each electrode’s full voltage window. For example, the anode feature
occurs around the graphite-to-Si transition region of ~0.23 V and thus provides a composite of both graphite
and Si material loss.

Figure 2b shows the evolution of the dV/dQ curves during the aging process, and the changes of QOas, Osc,
and Qcp are summarized in Table 1. Qs and QOcp both degraded as the cell aged, indicating that the loss of
active material happened to both the cathode and the anode. After 250 cycles, the cathode showed 7.5%
capacity loss, as Oap decreased to 92.5% of its original value, while the capacity retention of the anode was
86.0%. QOsc decreased to 88.1%, demonstrating 11.9% Li" inventory loss. The capacity loss contributed
from the cathode material loss is slightly smaller than the anode material and Li* loss.
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Figure 2. Degradation analysis of the cell based on dV/dQ curves. (a) dV/dQ analysis of discharge voltage
curves for the fresh cell; (b) evolution of the dV/dQ of discharge voltage curves during the aging process.

Table 1 The evolution of Oag (cathode) and Ocp (anode) during the aging process.

Cycle Oas/ Ah Capacity QOsc/ Ah Capacity QOcp / Ah Capacity
No. retention (%) retention (%) retention (%)
1 0.824 100.0 0.926 100.0 0.143 100.0

14 0.811 98.4 0.892 96.3 0.142 99.3

40 0.809 98.2 0.855 923 0.141 98.6

62 0.819 99.3 0.847 91.5 0.140 97.9

88 0.812 98.5 0.837 90.4 0.137 95.8

114 0.789 95.7 0.827 89.3 0.133 93.0

127 0.793 96.2 0.829 89.5 0.135 94.4

174 0.778 94.4 0.828 89.4 0.134 93.7

200 0.770 93.4 0.826 89.2 0.129 90.2
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225 0.769 93.4 0.824 89.0 0.128 89.5
250 0.762 92.5 0.816 88.1 0.123 86.0

3.3 Electrode Postmortem Analysis
3.3.1 Phase, Morphology and Composition Changes

The XRD patterns before and after aging are shown in Figure 3a for the anode and Figure 3b for the cathode.
No phase change was detected on either electrode as no new peaks appeared after cycling, which was
consistent with the previous reports [24]. In the anode, only graphite peaks were detected because of the Si
phase being partially lithiated and hence amorphous in the anode. Elemental analysis on the anode, shown
in Table 2, confirmed that ~5% by weight of Si was mixed with graphite to form the anode. XRD patterns
of the cathode matched very well with the layered transitional metal oxide. To further confirm the exact
cathode composition, elemental analysis in Table 3 affirmed the Ni-rich NMC cathode, as the average molar
ratios among Ni, Mn, and Co calculated from different places on the fresh and aged cathodes were about
0.8, 0.06, and 0.1, respectively, close to the composition of NMC 811. The ICP-MS results listed in Table
4 are the calculated molar ratios of Li, Ni, Mn, and Co, in agreement with EDS analysis, indicating that the
amount of Mn in cathodes was decreased intentionally possibly to limit Mn loss during cycling. The atomic
ratio of Ni, Mn, and Co on the cathode was not affected apparently by the aging process. However,
comparing ICP-MS results of the fresh and cycled cathodes, Li* loss is 7.87% .

The morphology of both anode and cathode changed after cycling, as shown in Figure 4. On the anode,
cracks appeared across the whole electrode after cycling. These cracks were likely to be mainly caused by
the Si volume fluctuation during repeated lithiation/delithiation cycles even with small amount of Si
addition. Cracks started from and extended to where Si particles aggregate, as shown in Figure 4¢ and
Figure 4d. This can be further proved by the fluorine content increase in the electrode because cracks lead
to SEI thickening. Comparing the average atomic and mass ratio of different elements on fresh and aged
anodes highlighted in light yellow in Table 2, the clear trend is that the average fluorine ratio more than
doubled after cycling. Fluorine on the fresh anode was present in the SEI layer formed during the initial
cell formation. Additionally, the atomic ratio of F on places where Si particles agglomerated (highlighted
in light green in Table 2) became more than 5 times higher after aging, compared with the fresh anode. As
the anode was soaked in DEC solvent overnight to get rid of electrolyte salts on the surface, the fluorine
content increase is an apparent indicator of SEI growth and loss of Li" inventory [20, 30]. At the same time,
the cracks in the bulk electrode reduces contact among active material particles, the current collector, and
the electrolyte while increasing impedance and decreasing the cell capacity.

On the cathode side, micro-cracks propagated in the densely packed secondary particles as seen on the
cycled cathode in Figure 4g and Figure 4h, which would result in higher porosity, higher surface area and
more side reactions on the NMC surface. Contraction of each primary particle results in the irreversible
contact loss and gaps among the primary particles, as well as micro-crack generation and propagation in
the secondary particles [26]. With the cracks propagating, a loss of grain-to-grain connectivity among
primary particles can contribute to cell degradation. In addition, fresh NMC surfaces expose to electrolyte
and go through phase transformation from layered structure to rock salt structure [7, 8]. Therefore, capacity
fade of the commercial cell is partly from active electrode materials loss.
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Figure 3. XRD patterns of the fresh (red line) and aged (black line) anode (a) and cathode (b). XRD standard
patterns of NMC 622 in blue were included in (b) for comparison. Measurements were made using a Cu
source Ka radiation (A = 0.15405 nm).
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Figure 4. FESEM images of the fresh and aged electrodes. (a) — (b) fresh anode, (c) — (d) aged anode, (e) —
(f) fresh cathode, (g) — (h) aged cathode, at low and high magnification, respectively. In (a) — (d), bright
particles are Si, and dark particles are graphite.

Table 2 EDS elemental analysis for the anode before and after aging. The rows highlighted in light yellow
are the average elemental molar and mass ratios calculated from EDS data collected at different places. The
rows highlighted in light green are elemental distribution on places where Si particles aggregate.

Fresh Si C (0] F Cu

Anode at.% wt% |at% wt% |at% < wt% |at% wt% |at% wt%
1 2.05 | 433 | 7797|7020 |17.59|21.10 {209 |[298 |0.29 | 1.40
2 273 | 5.82 | 8092 |73.74 | 13.74 | 16.68 | 2.61 |3.77 | 0.00 | 0.00
3 225 | 4.80 | 7828 | 71.34 | 18.47 | 22.42 | 1.00 | 1.44 |0.00 | 0.00
4 1.68 |3.62 |79.74 | 73.28 | 17.02 | 20.83 | 1.56 | 2.27 | 0.00 | 0.00
Avg. 2.18 | 4.64 | 7923 |72.14 | 16.70 | 20.26 | 1.82 | 2.62 | 0.072 | 0.35
SiSpot |4.19 |8.70 | 75.35|66.89 | 19.45 | 23.00 | 1.01 | 1.42 | 0.00 | 0.00
Aged Si C (@) F Cu
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Anode at.% wt.% | at.% wt.% | at.% wt% | at.% wt% | at.% wt.%
1 348 | 7.12 | 7249 | 63.53 | 20.96 | 2446 | 2.31 |3.20 |0.24 | 047
2 272 | 5.66 |79.62 7082|1347 | 1597 |3.67 |517 |039 | 1.83
3 023 (049 |77.92|71.08 | 18.31 2225|322 (464 |0.28 |1.37
Avg. 2.14 | 442 | 76.67 | 6847 | 17.58 | 20.89 | 3.07 | 4.34 | 030 | 1.22
SiSpot | 4.30 | 8.64 | 73.36 | 63.01 | 15.95 | 18.25 | 594 | 8.07 | 0.35 | 1.59

Table 3 EDS elemental analysis for the cathode before and after aging. The rows highlighted in light yellow
are the average elemental molar ratios calculated from EDS data collected at different places.

Fresh Ni Co Mn C (0]
Cathode | at.% | at.% | at% | at.% | at%
1 24.87 1 3.60 | 1.97 |23.09 | 46.67
2 27.97 | 4.06 | 222 | 19.63 | 46.12
3 28.07 | 4.00 |2.21 18.57 | 47.15
4 27.89 | 3.50 | 1.87 | 34.61 | 32.12
Avg. 27.20 | 3.79 | 2.07 |23.98 | 43.02
Aged Ni Co Mn C (0]
Cathode | at.% | at.% |at% | at.% | at%
1 30.23 | 4.17 229 |14.93|47.19
2 28.33 | 3.88 | 2.11 10.95 | 53.84
3 27.88 1 3.83 |2.09 | 13.20 | 52.03
4 27.35|13.76 |2.06 | 13.88 | 51.72
Avg. 28.45 391 |2.14 |13.24|51.20

Table 4 ICP-MS results for fresh and aged cathodes. The rows highlighted in light yellow are the average
elemental molar ratios in cathodes calculated from solutions with the concentrations of 20 ppb and 200 ppb.

Fresh Li Ni Co Mn
Cathode atomic ratio | atomic ratio | atomic ratio | atomic ratio
20 ppb 0.7747 0.8000 0.1029 0.06204
200 ppb 0.8299 0.8000 0.1028 0.06081
Avg. 0.8023 0.8000 0.1029 0.06143
Aged Li Ni Co Mn
Cathode atomic ratio | atomic ratio | atomic ratio | atomic ratio
20 ppb 0.7395 0.8000 0.09971 0.06405
200 ppb 0.7388 0.8000 0.1021 0.06525
Avg. 0.7391 0.8000 0.1009 0.06465

3.3.2 Electrochemical Properties of Harvested Electrodes

To complement the quantitative dV/dQ analysis, half coin cells for both fresh and aged anodes and cathodes
were assembled to study their electrochemical properties independently. CV, voltage profiles, and
differential voltage plots of anode half cells are included in Figure 5. CV profiles of the fresh and aged
anodes in Figure 5a, obtained by alternating linear potential scan at the rate of 0.1 mV/s, showed distinct
differences. The lithiation features of silicon and graphite were largely superimposed during the reductive
scan at potentials < 0.2 V vs. Li/Li*. Peaks labeled with * and # were Si and graphite oxidation peaks,
respectively. In the fresh anode, capacity contributed from Si electrochemical reaction was significant as
mainly Si peaks at ~0.38 V and ~0.56 V vs. Li/Li" were observable [15]. However, after aging, graphite
peaks at ~0.26 V vs. Li/Li", corresponding to the voltage plateaus of intercalation compounds of LiCy,
became stronger in agreement with the results shown in Figure 5b — Figure 5d.
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Supporting the CV analysis above, voltage profiles are plotted in Figure 5b and Figure 5c. Figure 5b is the
plot of voltage vs. cell capacity. It is noteworthy that the mass loading on all anodes was the same, so we
used the absolute capacity number in Figure 5b. The fresh anode (blue line in Figure 5b) showed higher
lithiation capacity than the aged anode (black line in Figure 5b) especially at potentials higher than 0.23 V.
Figure 5c shows voltage profiles vs. SOC (normalized capacity to 0 — 1) to compare the voltage plateaus
that represent the phase change during electrochemical reactions. Compared with Si, graphite had a more
distinct phase change and lower average voltage over the capacity range for both delithiation and lithiation
processes. The mixing of Si and graphite in the anode imposed a superposition of the graphite potential
plateaus on the sloped Si profile [19]. As shown in Figure 5c, the voltage of the aged anode got lower than
the fresh anode at potentials higher than 0.1 V during discharge and 0.15 V during charge, which was
ascribed to the degradation of active Si. The red box in Figure Sc identifies the distinct voltage plateaus
after aging, also suggesting Si degradation during cell cycling. Therefore, the loss of reversible capacity on
the anode was associated with the silicon active materials at potentials above 0.1 V for discharging and 0.15
V for charging. Figure 5d shows the differential voltage plots, where the plateaus in voltage profiles were
converted into sharp peaks so that the phase change position and intensity could be compared more
straightforwardly [31]. The graphite oxidation (delithiation) and reduction (lithiation) peak intensity
increased after aging, and peaks at voltages above 0.18 V shifted to lower potential during the discharge,
in agreement with the voltage profile analysis.

The coin cell OCVs, initial delithiation capacities from OCV to 1.2 V at C/40, the following full lithiation
and full delithiation capacities cycled at C/40 between 1.2 V and 0.01 V, and the Coulombic efficiencies
(CE) of three identical fresh and three identical aged anode cells are listed in Table 5. The average values
were calculated and are highlighted in light yellow. The anode cell initial delithiation capacities from OCV
to 1.2 V was ~ 3% — 4% of the full delithiation (0.01 V — 1.2 V) capacities. Therefore, the anodes retrieved
from the 18650 cells can be regarded as fully delithiated. The CE values were higher than 100% for fresh
and aged anodes, probably because of side reactions involving the original SEI layer that was associated
with electrolyte solvents. The electrolyte solvents in the original cylindrical cell may be different from those
in coin cells. However, it needs further study to understand this phenomenon. The first full
lithiation/delithiation capacity could be used as a quantitative indicator of active anode material loss
contributed to the 18650 cell degradation. Fresh and aged anode cells showed average lithiation capacities
of 8.38 mAh and 7.80 mAh, and delithiation capacities of 8.68 mAh and 8.21 mAh, respectively.
Comparing the full lithiation/delithiation capacity between the fresh and aged anodes, the capacity retention
was ~93.8%.

Similar tests were done for cathode half cells to quantify the cathode material loss and Li" loss. The voltage
profiles shown in Figure 6a and Figure 6b demonstrate that no new plateaus occurred after cycling.
However, the voltage hysteresis increased after cycling, suggesting that the electrode impedance increased,
which agreed with the cathode particle cracks, and was further confirmed by follow-on EIS and DC
impedance characterizations.

The cathode cell OCVs, capacities, and Coulombic efficiencies are also listed in Table 5. Different from
anode cells, cathode cells started from lithiation (OCV to 2.8 V), then full delithiation and lithiation between
2.8 V and 4.2 V. The OCV values for fresh and aged cathodes were very close. However, their initial
lithiation capacities, which can be used to quantitatively investigate Li* loss, show much difference. In
18650 cells, cyclable Li* in the cathode was continuously consumed to form an SEI layer on the anode.
However, in the cathode half cells, the Li metal counter electrode compensated Li". Hence, the initial
lithiation capacities from OCV to 2.8 V can be used to quantify Li" loss. The average initial lithiation
capacity value for the fresh cathode is 1.34 mAh, about 17.4% of the first lithiation capacity (7.72 mAh),
indicating 17.4% Li" loss in the fresh cathode after formation. After cycling, an additional 7.9% Li" loss
(1.95 mAh vs. 7.72 mAh) occurred in the cycled cathode, being consistent with the Li* loss value (7.87%)
from ICP-MS results included in Table 4. Similarly, by comparing the average delithiation/lithiation
capacities of identical cells for fresh and aged cathodes, the capacity retention of the cathode was shown to
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be ~94.3%. The capacity decay contributed from the anode and cathode active material loss (6.2% and
5.7% for the anode and cathode, respectively) was similar to Li* loss (7.9%). The impedance increases in
cathodes indicated by the larger voltage hysteresis in Figure 6 is ascribed from the particle micro-cracking
leading to isolation, cathode electrolyte interface increase, or phase transformation on the surface due to
high Ni content. Increased overpotential caused by the higher impedance may lead to the Li* loss. Therefore,
the impedance rise can be an indicator of cathode material loss and Li" loss. The capacity decay attributed
from different factors based on the coin cell data analysis was lower than the dV/dQ analysis, possibly
because of different cell cycling current, sufficient electrolyte in coin cells while limited in 18650 cells, and
SEI composition changes ascribed to different electrolyte composition used in the half cells. Additionally,
as mentioned above the dV/dQ analysis provides a metric of electrode material loss and Li" loss within only
a portion of each electrode’s full voltage window.
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Figure 5 Electrochemical property comparison between the fresh and aged anodes. (a) CV responses,
characteristic features are labelled by * for Si oxidation peaks and # for graphite oxidation peaks; (b) voltage
vs. capacity profiles; (¢) voltage vs. SOC profiles, inset is the enlarged figure of the red box; (d) differential
capacity plots.
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Table 5 The delithiation capacities, lithiation capacities, and CE of fresh and aged half cells tested at a

current of C/40.
Anode OCV (V) | Delithiation Lithiation | Delithiation | CE (%)
from OCV to 1.2 V (mAh) | (mAh) (mAh)
Fresh-Anode-1 0.54 0.24 8.46 8.57 101.3
Fresh-Anode-2 0.53 0.25 8.37 8.68 103.7
Fresh-Anode-3 0.51 0.26 8.31 8.80 105.9
Fresh-Anode-Avg. 0.52 0.25 8.38 8.68 103.6
Aged-Anode-1 0.38 0.33 7.73 8.21 106.2
Aged-Anode-2 0.37 0.32 7.91 8.21 103.8
Aged-Anode-3 0.37 0.32 7.76 8.20 105.7
Aged-Anode-Avg. 0.37 0.33 7.80 8.21 105.2
Cathode OCV (V) | Lithiation Delithiatio | Lithiation CE (%)
from OCV t0 2.8 V (mAh) | n (mAh) (mAh)

Fresh-Cathode-1 3.60 1.42 8.13 7.84 96.4
Fresh-Cathode-2 3.60 1.37 8.35 7.69 92.1
Fresh-Cathode-3 3.60 1.23 8.22 7.63 92.8
Fresh-Cathode-Avg. | 3.60 1.34 8.23 7.72 93.8
Aged-Cathode-1 3.63 1.96 7.67 7.70 100.4
Aged-Cathode-2 3.64 1.92 7.96 7.31 91.8
Aged-Cathode-3 3.64 1.96 7.31 6.87 94.0
Aged-Cathode-Avg. | 3.64 1.95 7.65 7.29 95.4

Based on the above analysis, unrecoverable capacity loss in the 18650 cell can be attributed to electrode
material loss and Li* loss into the SEI growth. To confirm whether the Li* loss was in the form of Li metal
deposition or SEI layer composition, solid Li NMR characterizations on the fresh and aged anodes were
conducted. Figure 7 illustrates 'Li NMR measurements performed on fresh (blue line) and aged (black line)
anodes retrieved from the 18650 cell. A control graphite anode sample with metallic Li deposition was
prepared by galvanostatic cycling at -5°C. The solid 'Li NMR of the control sample was recorded to
measure metallic lithium chemical shift (266 ppm). The peak at 5 ppm is assigned to ionic lithium in
diamagnetic electrolyte salts or SEI complexes [32, 33]. A peak shoulder at 16 ppm denotes an inserted
lithium site appearing at a lower resonance shift than that of LiCs, which depends on the charging state [34].
In the control sample, there is an additional peak at 47 ppm, corresponding to intercalated Li* between
graphite planes [32-34]. Based on the "Li NMR results shown in Figure 7, we can conclude that there is no
detectable dead metallic Li deposition on the aged anode, although it is possible that lithium plating formed
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and was reversible during cycling. It is most probable however, that the lost Li* ions in the aged 18650 cell
were trapped into the SEI layer.
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Figure 7 'Li NMR analysis for fresh (blue line), aged (black line), and control (red line) anodes. The small
peaks noted with * above the black line are spinning sidebands (peaks at a separation equal to the spinning
speed).

3.3.3 Impedance Rise

The cell AC and DC impedances indicate how the cell sustains high-current pulses at fast charge/discharge
conditions. The impedance results presented in the following section are used to investigate the cell aging
impact on the impedance changes. AC impedance data from EIS tests provided information of ohmic
contact, migration of Li* through SEI layers, charge-transfer impedance at electrode/electrolyte interfaces,
and diffusion-related processes. The impedance changes at different voltages for both fresh and aged
electrodes were compared, as shown in Figure 8 and 9 for cathode half cells and Figure 10 for anode half
cells. The EIS data were obtained by recording each AC impedance after a charge/discharge step for 30
minutes at the rate of C/10 for one full charge and discharge cycle (2.8 V—-4.2 V —-2.8 V for positive cells,
1.2V -0.01 V-1.2V for negative cells).

The real axis intercept of the Nyquist plots represents the ohmic resistance from the electrode and electrolyte
solution. The Nyquist plots of fresh and aged cathode cells from 2.8 V to 4.2 V during the charge and
discharge processes were illustrated in Figure 8. For the fresh cathode cell at different potentials from 2.8
V to 4.2 V, the Nyquist plots showed a small depressed semicircle in the high frequency range, a large
semicircle in the medium frequency region, and a small straight line “tail” in the low frequency region. For
the aged cathode cell, the shape of the Nyquist plots at 2.8 V were the same as those of the fresh cathode
cells. However, at voltages higher than 2.8 V, Nyquist plots of the aged cathode cells showed a curved low
frequency response, like a third semicircle. The shape change of Nyquist plots for NMC cathodes was
reported by several groups previously [18, 35-38]. Although the explanations and fitting models were not
exactly conclusive, most of the studies agreed that the case-to-case variation in the solid phase mass
transport in the low frequency was affected by the electrode morphology and composition. Levi and
Aurbach [35, 36] concluded that a third low-frequency semicircle might appear in the electrodes comprising
multiple types of particles with different particle sizes. Considering the interface cracks in the aged cathode
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secondary particles, it is possible that with particle cracking and decrepitation, the electrode’s specific
surface area increases, leading to more active sites through which Li* can transport into the solid phase.

To compare the resistance of fresh and aged cathode cells at different voltages during charge and discharge
processes, an equivalent circuit fitting model (Figure 9) with three Randles layers was applied to fit the EIS
results [39]. In the models, R;represents the cell internal ohmic contact resistance corresponding to the real
axis intercept of the plots. R.; and CPE,., corresponding to the semicircle at the high frequency, are
assigned to the resistance of SEI layer and the decomposition of organic electrolyte compounds on the
electrode surface, respectively. The semicircles in the middle-to-high frequency and middle-to-low
frequency regions are corresponded to the charge transfer impedance, Rc.;, CPE., and Re2, CPE2. A finite
Warburg element is replaced with the constant phase element of CPE, to reflect the diffusion of Li* in the
solid phase.

The fitting results of R, Rsei, Rei1, and Rz vs. SOC are shown in Figure 9. The SOC values were calculated
based on the integration of time and current (positive current values for charge and negative current values
for discharge), i.e., 0% — 100% at the voltage window of 2.8 V — 4.2 V. The similar R, values at different
voltages for fresh and aged cathode cells indicated that the electrolyte solutions in these cells had
comparable properties. The resistance values of Ry, Rei1, and R..» increased after aging across the whole
SOC range because of electrolyte decomposition at the oxide—electrolyte interface, surface phase
reconstruction, and separation of primary particles within the secondary particles. The fitting plots in Figure
9 showed that all cell resistance values were higher at 0% SOC (i.e., low voltage) and 100% SOC (i.e., high
voltage), reflecting the large potential polarization at low and high voltages.

Similar EIS tests and analyses were done for the fresh and aged anodes, shown as Figure 10. The equivalent
circuit model for the impedance fitting contains R; representing for cell internal ohmic contact resistance,
R, in parallel with CPE;.; for the semicircle at the high frequency, R., in parallel with CPE,; for the medium
frequency semicircle, and the finite Warburg element (Z,,) for the mass transport at the low frequency region.
The fitting results of Ry, Rs.i, and R.; as a function of SOC are shown in Figure 10c and Figure 10f. The SOC
values are the integration of time and current (0% — 100% at the voltage window of 1.2 V —0.01 V). R, of
the aged anode was slightly higher than that of the fresh anode, revealing that the SEI film got thicker and
blocked electrolyte channels. In addition, the lithiation R., of aged anode became higher than that of the
fresh anode, indicating higher resistance of Li" insertion into the electrode with thickening SEI layers.
However, the delithiation R, of the aged anode was slightly lower than that of the fresh anode. This
phenomenon could be related to higher particle surface area after cycling [40, 41].

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Cathode-EIS-charge (delithiation) process
150 + 25 -

35 )
—2.80 | =—380 —4.00
| —380 (a) a0, ——388 (b) 304 —408 ()
—365 | ——389 —4.14
= 100, —371 = — 394 = B4 420
E —37 £ 154 E .
= = E=3 1
= s | =2
E E E 15
N N 104 5
1 104
5 a T
i - --- - =ma.EBE3>
o : 0 : : ol w0t
0 50 100 150 0 5 10 5 20 25 0 5 10 15 20 25 30 35
Zre (ohms) Zre (ohms) Zre (ohms)
Cathode-EIS-discharge (lithiation) process
50 e 30 150 )
[d} | —395 [E} (f)
40 . 251 ——3.80
—_—d 11 J—
1 =400 1 )
n . 20, —380 = 100
£ 304 £ g
5 'S =
= S 15 =
N 20 £ | E
| w———— 10 50
104 - 1
2 5
1 IS - cm T Eeamm,
0L = : 0L = e : 0
0 10 20 30 40 50 0 5 10 15 20 25 30

Zre (ohms) Zre (ohms)

1 150
Zre (ohms)
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The working electrode surface area is 1.60 cm?.
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figure.
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Different from EIS, DC resistance can provide cell-level impedance information and was collected from 10
s 3C discharge and 10 s 2.25 C charge pulses. Figure 11 shows DC impedance results as a function of SOC,
which are consistent with the above EIS analysis. After cycling, the resistance of both anode and cathode
cells increased across the full SOC range. Especially for the cathode, the resistance rise at high SOC was
more pronounced, revealing that high voltage cutoff contributed to the resistance increase and cell failure.
In the mid-SOC range, the cathode DC resistance increased about 75%, while anode resistance increased
about 18%. This indicates that cathode resistance growth dominates that of the anode.
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Figure 11 DC impedance as a function of SOC for fresh (red lines) and aged (black lines) cathodes (a) — (b)
and anodes (c) — (d) during lithiation (discharge, left) and delithiation (charge, right) steps.
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4. Conclusions

In conclusion, the work presented here studied the degradation behavior of a commercial 18650 cell
combining an Si/graphite anode and a Ni-rich NMC cathode by fitting dV/dQ curves and comparing the
fresh and aged Si/graphite anode and Ni-rich NMC cathode in terms of morphology change, phase change,
and electrochemical property changes. Half coin cells were assembled to test their lithiation and delithiation
capacities at low current rate, which was helpful to understand how the commercial battery decayed during
long-term cycling. Impedance rises of aged electrodes were also depicted at different voltages.

According to the results, we can conclude that the anode and cathode active material loss, and SEI layer
growth are similar. Even a small amount of Si (~5% by mass) in the graphite anode contributes to
accelerated capacity decay because the huge volume fluctuation of Si particles causes electrode cracks and
recurrent SEI layer destruction and growth, leading to the loss of accessible Li" inventory in the cell. The
quantitative evaluation of the degradation factors of the high capacity commercial batteries is helpful to
provide guidance for the electrode and cell improvement. A future focus of our work is to extend the battery
life by providing a supplemental Li* source and optimizing the Si/graphite anode based on this study.
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