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A method to prolong lithium-ion battery life
during the full life cycle

Zhu et al. propose a method for extending the cycle lifetime of lithium-ion
batteries by raising the lower cutoff voltage to 3 V when the battery reaches a
capacity degradation threshold. This method is shown to increase the cycle
lifetime by 16.7%-38.1% for three different types of lithium-ion batteries.
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SUMMARY

Extended lifetime of lithium-ion batteries decreases economic costs
and environmental burdens in achieving sustainable development.
Cycle life tests are conducted on 18650-type commercial batteries,
exhibiting nonlinear and inconsistent degradation. The accelerated
fade dispersion is proposed to be triggered by the evolution of an
additional potential of the anode during cycling as measured vs.
Li*/Li. A method to prolong the battery cycle lifetime is proposed,
in which the lower cutoff voltage is raised to 3 V when the battery
reaches a capacity degradation threshold. The results demonstrate
a 38.1% increase in throughput at 70% of their beginning of life
(BolL) capacity. The method is applied to two other types of
lithium-ion batteries. A cycle lifetime extension of 16.7% and
33.7% is achieved at 70% of their BoL capacity, respectively. The
proposed method enables lithium-ion batteries to provide long ser-
vice time, cost savings, and environmental relief while facilitating
suitable second-use applications.

INTRODUCTION

Lithium-ion batteries are unquestionably one of the most promising energy storage
components used in electrically operated devices due to their power and energy ca-
pabilities, and batteries with long lifetimes are crucial in reducing the negative envi-
ronmental impact.' Nevertheless, lithium-ion batteries undergo irreversible aging
and fatigue due to their electrochemical nature, which is influenced by cell chemis-
tries (active material, electrolyte, additive, etc.), cell design (cell architecture, elec-
trode engineering, etc.), operation conditions, and use |oa*cterns.4'5

Long-life battery materials and battery designs have always been pursued, and bat- 1Clean Energy Automotive Engineering Center,

tery lifespan managements receive increased attention,’ as extending battery life- School of Automotive Engineering, Tongji
University, Shanghai 201804, China

time decreases costs and environmental burdens in achieving sustainable develop- Anstitute for Applied Materials (AM), Karlsruh
nstitute Tor pple aterials , Karisrune

ment.” Large numbers of battery materials have been investigated to improve the Institute of Technology (KIT), 76344
cycling stability of active material to achieve long-life batteries.” Un-Hyuck Kim Eggenstein-Leopoldshafen, Germany
et al.’? introduced a Li[Nig.90C00.09Tao 01102 cathode, which exhibited reasonable 3Helmholtz Institute Ulm (HIU) Electrochemical

cycling stability by radially aligned primary particles with [003] crystallographic ETrirgéeSr:;igye’ Helmholtz Strasse 11, 89081
texture that effectively dissipated the internal strain occurring in the deeply charged 4School of Chemical Engineering and
state. Odziomek et al."’ prepared hierarchically structured LisTisO, yielding nano- Technology, Xi'an Jiaotong University, Xi‘an,

Shaanxi 710049 China

SLead contact

and microstructure anodes for long life at ultrafast charging, which was verified by
cycling tests in half-cells. In addition, battery design is an effective approach to ex-

tending battery life. Manikandan Palanisamy et al.'? investigated the synchronized *Correspondence:
o o . . o o . . zhujiangong@tongji.edu.cn (J.Z.),
lithium and lithium-ion batteries containing a thin lithium reservoir-electrode to miti- tongjidai@tongji.edu.cn (H.D.)

gate the lithium and capacity loss during the formation cycle, which enhanced https://doi.org/10.1016/j.xcrp.2023.101464
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battery life. Wang et al."® designed an asymmetric temperature modulation battery

with an embedded Ni foil for self-heating to achieve a stable lifetime under fast
charging operation.

Battery management, different from the battery material and design improvements,
is an applicable way to achieve battery life extension by controlling the state-of-the-
art battery without changing the cell and system structure.'*'® Various stress factors,

2223 gtate

including temperature,’®"'® current rates, """ lower/upper cutoff voltage,
of charge (SoC),?* and cycling depth of discharge (DoD),?® are considered in battery
lifespan management to evaluate the battery durability and develop suitable usage
strategies. Generally, high-temperature cycling accelerates the battery degradation
reactions, such as active material loss and solid electrolyte interphase (SEI) film
growth, leading to capacity fade.?®?” High current rates produce higher diffusion
stress, trigger cracks in the electrode particles, and enhance the battery degradation
at moderate temperatures.”**” Appropriate control of temperature and current
rates are usually the primary considerations in battery management for optimizing
the battery operation strategy.’>?" In addition, the cycling voltage range, i.e., a
combination of cutoff voltage, SoC, and DoD, is also an important factor in the

1.?® investigated the aging mechanism

consideration of battery cycling tests. Gao eta
of batteries with Li(Ni, Mn, Co)O; cathode cycled in five partitioned SoC ranges with
20% DoD, indicating that the dominant factor causing degradation was the loss of
lithium inventory (LLl). Zhu et al.?* proposed that a battery comprising
LiNig.5C00.2Mng 30, (NCM) and LiNig 9Cog.05Alg.050, (NCA) as cathode blend and
graphite as anode cycling in a medium SoC range results in lower capacity loss
and behaves better than including high or low SoC in the cycling ranges and could
minimize the risk of unexpected nonlinear capacity fade. Aiken et al.?” designed a
low-voltage operation method demanding the highest lifetime for pouch cells
with LiNigsMng 3C00 20, cathode, showing that the pouch cells operated up to
3.65 and 3.80 V (approximately 0%-30% SoC and 0%-60% SoC, respectively)
show superior capacity retention to that for the operation to 4.2 V (0%-100%
SoC). No damage to the positive electrode is found, and the negative electrode
passivation is identified as the most likely cause of capacity fade for the low-voltage
operation. The aforementioned studies show that avoiding extreme voltages facili-
tates the development of battery lifetime by reducing the decay of the cathode ma-
terial at high voltages.?>*?3 The lifetime of a commercial 18650 cell is significantly
prolonged by changing the cycling voltage window from 2.65-4.2 V (0%—-100% SoC)
to 3.1-4.2 V (10%-100% SoC) by avoiding the electrochemical activation of the
Lio.75Si phase in the anode. However, a narrow design of the voltage window at
the beginning of life (BoL) allows only partial usage of the whole energy capability,
reducing the cell utilization efficiency, which goes against the design criteria of high
energy density for long driving range in electrically operated devices (e.g., electric
vehicle applications). Reports on taking into account battery utilization and long life-
time are few. Bharathraj et al.** simulated a dynamic charging protocol to prolong
the battery cycle life, wherein the charge cutoff voltage was incremented in stages
(up to the manufacturer-recommended maximum charge voltage) to have a trade-
off between the increase in extractable per-cycle capacity and degradation that
leads to capacity fade due to higher voltage cutoff values.

The purpose of this study is to prolong the battery service time while minimally
compromising the extractable capacity during the whole life cycle. Batteries based
on transition metal oxides (Li(TM)O,, TM = transition metal) as a cathode are cycled
under different working conditions, exhibiting nonlinear and inconsistent degrada-
tion patterns as explained by the degradation on the anode side. A method of
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Figure 1. Results of battery capacity fade and impedance change

(A-D) Capacity fade of the group A1 (A), A2 (B), A3(C), and A4 and A5 (D). The degradation threshold (at the 400t cycle) is marked and the percentage of
residual capacity at 3,500 Ah throughput is listed.

(E-1) ACimpedance change of the A1_#1 cell during cycling (E) and its corresponding ECM (F). Calculated RO (G), R1 (H), and R2 (I) from AC impedance at
100%SoC for the representative cells from group A1-A5, in which the increment rates ((R-Rinital)/Rinital) at 3,000 Ah throughput are listed. The embedded
plots in (A) and (D) are the averaged Ah throughput at 70% of the nominal capacity. Data are represented as mean + standard deviation (SD).

raising the lower cutoff voltage before the cells enter the fast capacity fade region is
proposed, which not only prolongs the battery cycle life but also improves the cell
cycling consistency. The proposed method is verified on a total of three types of
commercial lithium-ion batteries, which all provide longer service time in the whole
life cycle and probably create stable profits in suitable second-use applications.

RESULTS AND DISCUSSION

Capacity fade and impedance change

The variations of capacity with the cycles as well as fitting parameters for impedance
for type A cells are illustrated in Figure 1. The horizontal coordinates of Figures 1A-
1D, 1G-11 are Ah throughput, which indicates the total charge of the battery during
cycling since the cycle number for cells cycled in different voltage windows cannot
directly be compared. The capacity fade results in Figure 1A show that the capacity
of A1_#1-A1_#6 cells declines linearly until 1,500 Ah total throughput, and after that
the capacity of A1_#1 and A1_#2 cells continues to decline linearly, whereas the
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A1_#3-A1_#6 cells show a nonlinear degradation with an increasing rate among
cells. It can be seen that the A1_#1-A1_#6 cells have different residual capacities
when they reach the same throughput of 3,500 Ah (dotted line) expressing an incon-
sistent degradation in Figure TA. The A1_#1 and A1_#2 cells possess an excellent
residual capacity of 73% and 75%, respectively, while the A1_#3-A1_#6 cells exhibit
aresidual capacity of 52%, 60%, 36%, and 69%, respectively. The groups A2 and A3
show similar capacity fade patterns as shown in Figures 1B and 1C. The A2_#1-
A2_#3 cells show a linear capacity loss before 1,500 Ah throughput, then the
A2_#1 cell continues to show a linear capacity fade, meanwhile the A2_#2 and
A2_#3 cells encounter a faster and nonlinear capacity fade. The A2_#1-A2_#3 cells
have 73%, 66%, and 26% residual capacity, respectively, when achieving 3,500 Ah
throughput as shown by the dotted line. The A3 cells show a similar capacity loss
as the A1 and A2 cells. The A3_#1, A3_#2, and A3_#4 cells have a linear capacity
fade upon reaching the 3,500 Ah throughput as shown by the dotted line in Fig-
ure 1C. In particular, the A3_#3 cell shows a strong nonlinear capacity loss with
zero residual capacity near 3,000 Ah throughput. The groups A1, A2, and A3 in
Figures TA-1C are cycled in the same voltage window of 2.5-4.2 V using different
charge/discharge rates. It is noted that each group has a certain degradation
threshold where the capacity of all cells declines linearly before the N™ cycle and
in some cells nonlinearly afterward. The threshold occurs at a throughput of
1,400-1,800 Ah (300-400 cycles) corresponding to approximately 85% of the initial
capacity for type A cells. The N* cycle (N = 400) is set in the cycle protocol of the A4,
A5, and A6 groups. The lower cutoff voltage is raised to 3.3 and 3.0 V respectively
after the N™ cycle in A4 and A5 with the same charge/discharge rate as A1. The
charge/discharge rate is set to 0.5C/0.5C without changing the nominal voltage win-
dow for group Aé. The capacity of cells in both groups A4 and A5 in Figure 1D shows
alinear decrease as found either before or after the N* cycle. All cells have an excel-
lent residual capacity of around 70% at 3,500 Ah throughput. The average residual
capacity of A4 and A5 is 71%, which is a 22% improvement compared with 49% for
A1_#3-A1_#5, which also show poor consistency at the same cycling rate.
The embedded figures of Figures 1A and 1D depict the throughput of the A1, A4,
and A5 battery groups when their residual capacity is at 70%. The A4_#1-3 and
A5_#1-3 cells demonstrate an increase in average throughput by 38.1% and
22.5%, respectively, compared with the A1_#3-6 cells. The capacity results of A6
are summarized in Figure S2. It is seen that all cells show an accelerated capacity
fade, only 50% capacity is obtained at 3,500 Ah throughput. By comparing the re-
sults in Figures TA-1D and S2, it can be deduced that increasing the lower cutoff
voltage before the fast degradation threshold prolongs the battery life without
changing the available capacity of the battery before the N cycle, and the inconsis-
tent degradation of cells cycled under the same operating conditions is significantly
improved in the course of cycling.

The impedance of representative cells from each group is extracted for the degrada-
tion analysis. The battery impedance changes during cycling as shown in Figure 1E.
The impedance curves gradually shift to higher values and two semi-circles enlarge
with the battery degradation. An equivalent circuit model (ECM) in Figure 1F is used
for the fitting of the experimental impedance spectra. RO is the battery ohmic resis-
tance. R1//CPE1 in parallel means the migration of lithium ions through the SEl in the
high-frequency range. CPE is the constant phase element. Charge-transfer resis-
tance (R2) in parallel with a CPE2 is used to model the charge-transfer process in
the medium-frequency range. W is the Warburg impedance corresponding to
semi-infinite diffusion in the low-frequency range. The fitted RO, R1, and R2 of the
representative cells are presented in Figures 1G-11 with all fitting coefficients of
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determination (R2) >0.999. Itis found that RO increases linearly for all representative
cells until 1,400-1,800 Ah (approximately 300-400 cycles), then an accelerated in-
crease in RO is observed for A1_#3, A2_#3, and A3_#3 cells; meanwhile, the RO of
A1_#1, A4_#1, and A5_#1 cells continue to linearly increase. The resistance incre-
ment rate (the resistance increment from the initial value (R — Rinital)/Rinital) is calcu-
lated and marked in each figure for a quantitative discussion. At 3,000 Ah
throughput of all cells, the RO of the A1_#1, A4_#1, and A5_#1 cells has a rate of
increment of 0.25, 0.24, and 0.22, respectively, whereas the increment rate of RO
for the A1_#3, A2_#3, and A3_#3 cells is 1.10, 0.49, and 0.40, respectively, which
is about two to five times higher than that of the A1_#1, A4_#1, and A5_#1 cells.
The changes of R1 in Figure TH show a similar trend to that of RO. In particular,
when the throughput of all cells is 3,000 Ah, the increment rate of R1 for A1_#1,
A4_#1, and A5_#1 cells is 0.04, 0.49, and 0.30, respectively, meaning a minimal
decay for these cells. Compared with that, the increment rate of R1 for AT_#3,
A2_#3, and A3_#3 cells is 12.4, 2.32, and 2.2, respectively. A dramatic increase of
R2 is observed in Figure 1l, in which the rate of increment R2 for the A1_#3,
A2_#3, and A3_#3 cells is 48.8, 92.8, and 280 respectively, while the increment
rate of R2 for A1_#1, A4_#1, and A5_#1 cells shows 29.8, 21.1, and 29.3, respec-
tively. By the comparison of Figures 1G-11, the increment rate of RO is minimal, fol-
lowed by R1, while the change of R2 is much greater than RO and R1. The degrada-
tion threshold of impedance is observed to be in the range of 1,400-1,800 Ah
(approximately 300-400 cycles), which is consistent with the capacity fade results.

Degradation mechanism analysis

As stated in relation to the experiments, Bol, A1_#3, and A4_#1 cells are disas-
sembled, and half-cells are made to investigate the change in the electrodes. The
galvanostatic test results of the cathode half-cells are compared in Figure 2A. The
cathode half-cells are charged and discharged at different current rates for a total
of 18 cycles. The residual discharge capacity of the BoL cell is the largest, then
A4_#1 cell, and finally A1_#3 cell except for a difference at 2C, where the residual
discharge capacity of A4_#1 and A1_#3 cells is almost 0 and the residual discharge
capacity of the BoL cell is still 60% of its nominal capacity. There is a large difference
in the residual discharge capacity between C/3 and 2C, indicating severe polariza-
tion in the cathode. The alternating current (AC) impedance curves are compared
in Figure 2B. The impedance of the cathode half-cells increases drastically after
cycling, as seen from the comparison. An obvious shift of the A4_#1 and A1_#3 cells
is seen in the embedded figure in Figure 2B, meaning the increase of ohmic resis-
tance (the intercept with the real axis at high frequencies); meanwhile, the imped-
ance arc in the medium-frequency range enlarges simultaneously, which is under-
stood as an increase of the electrochemical polarization.

The in situ X-ray diffraction (XRD) patterns at selected 26 ranges for the fresh and
fatigued cathode are plotted in Figure 2C. No appearance of new reflections means
the absence of new crystalline phase formation and structural damage. A series of
phase transitions (i.e., Hl — M — H2 — H3) is proved to occur during the charging
and process of Ni-rich layered cathode materials.>> The (003)NCA reflection and
(104)NCA reflection of the BoL cell are observed at high voltage, but the reflections
of NCA and NCM materials are difficult to separate in the Ad4_#1 and A1_#3 cells.
Thus, only one rhombohedral structure (R-3m) model is used for the in situ XRD pat-
terns in Figure 2C with the Rietveld method in FullProf.*® The averaged crystal struc-
ture parameters are presented in Figure S3. The difference between charging and
discharging increases in both a and c in the fatigued cells, which means an increase
of overpotential in the electrode. The variations of a and c for A4_#1 and A1_#3 cells
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Figure 2. Analysis of battery degradation mechanisms
A and B) Summary of discharge capacity (A) and AC impedance curve of the cathode half-cells (B).

C and D) The in situ XRD patterns of cathode half-cells (C) and in situ TR-XRD patterns of the cathode (D).

H and 1) Summary of discharge capacity (H) and AC impedance curve of the anode half-cells (I).
J) The ex situ XRD patterns of the anode.

(
(
(E-G) The SEM images of the cathode facing the current collector for the BoL cell (E), A4_#1 (F), and A1_#3 (G). The scale bar is 5 um.
(
(
(

K-M) The SEM images of the anode facing the current collector for the BolL cell (K), A4_#1 (L), and A1_#3 (M). The scale bar is 5 um.

become narrow, supporting more incomplete de-lithiation of lithium in the cathode
after cycling, as some lithium is trapped in the cathode, leading to the lithiated cath-

ode loss,*’

which agrees with the capacity test results in Figure 2A. It can be

concluded that no new diffraction peaks from unidentified phases are observed in
the cycled cells, which indicates that the electrodes do not decompose into other
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crystalline phases. The in situ temperature-resolved XRD (TR-XRD) test provides the
average structural changes through phase transitions during thermal decomposi-
tion, which is useful to compare the thermal stability behavior of cathode materials.
For the BoL cell, an R-3m wherein the phase transition from this phase to the disor-
dered spinel (Fd-3m) phase starts at about 225°C (marked in Figure 2D), and the
phase transition from spinel to rock-salt phase starts at about 550°C. The phase tran-
sition temperatures of the A4_#1 cell are similar to those of the BoL cell. The phase
transition from spinel to rock-salt phase occurs around 500°C for the A1_#3 cell. Dur-
ing the heating, the transition metal cations migrate into the lithium layers where va-
cancies had been created during the full lithiated process. The random mixing of cat-
ions in each layer leads the layered rhombohedral structure to change into the spinel
structure, and finally to the rock-salt structure.’®>? An oxygen release is also
observed during the structural transition from the initial layered structure to the
NiO-type rock-salt structure in Nam et al.?? It is suspected that the decrease of
the phase transition temperature of A1_#3 cell affords the information of a more
likely mixing of cations and oxygen release, indicating a decrease in the thermal sta-
bility of the cathode after the full voltage window (2.5-4.2 V) cycling. The capacity
and impedance results suggest that both thermodynamic and kinetic losses occur
in the cathode of A4_#1 and A1_#3 cells, but A4_#1 cell behaves better than
A1_#3 cell, which is consistent with the in -situ XRD and TR-XRD. The scanning elec-
tron microscopy (SEM) images of the cathode facing the current collector are pre-
sented in Figures 2E-2G, in which the cathode particles are obviously cracked in
the A4_#1 and A1_#3 cells. The SEM images of one cell in group A1 at 400 cycles
are appended in Figure S4A, showing similar morphology with Figures 2F and 2G.
The microcracks can be explained by the working current causing an increase in in-
ternal stress. High anisotropic strain generated upon repeated lithium insertion and
extraction of the host lattice promotes the growth of microcracks that eventually
cause the disintegration of the polycrystalline secondary particles, resulting in trans-
port hindrance for ions and electrons. The SEM images of the cathode facing the
separator are supplemented in Figures S4B-S4E. No obvious changes can be found
as the surfaces of the cathode facing the separator are pressed by a rolling process in
battery manufacturing, but many dissociated particles appear on the surface of the
A1_#3 cathode. The dissociated particles are verified as the disintegration of NCM
and NCA by the energy-dispersive X-ray spectroscopy (EDX) results in Figure S4F,
which is deemed to contribute to the decrease of the thermal stability of A1_#3 cell.

The galvanostatic test results for the anode half-cells in a voltage window of 2-0.01 V
are shown in Figure 2H. Compared with the cathode, the anode in the fatigued cells
shows better energy and power performance. The output capacity sorted from large
to small is BoL cell, A4_#1 cell, and A1_#3 cell. The electrochemical polarization of
the anode is insignificant, as shown by the narrow difference in the residual
discharge capacity between C/3 and 2C. The impedance of the anode half-cells in
Figure 21 shows an enlargement in the high-frequency range, otherwise a shrinkage
in the medium-frequency range, which means that the SEl resistance increases and
the charge-transfer resistance decreases in the cycled anode. A possible explanation
for the shrinkage of the impedance in the medium-frequency range is that the
layered graphite surface area increases because of the fragmentation of material.
This may accelerate the (de-)intercalation reaction more than the hampering from
the SEI growth.”®™*? The change in the impedance indicates less polarization be-
tween the BoL and the cycled cells. The ex situ XRD patterns show that no additional
bulk phases appear beside the graphite in Figure 2J. The typical flake structure of
graphite can be seen for all cells, as presented in Figures 2K-2M and S5, and dense
depositions and aggregation are observed on the surface of the fatigued A1_#3
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anode both facing the current collector and separator as shown in Figures 2M and
S5E, respectively. A similar anode morphology including unusual spherical particles
is observed in Surace et al.** in which the unusual spherical particle is verified as the
decomposition of the fluoroethylene carbonate (FEC)-containing electrolyte upon
cycling. The high concentration of fluorine species in the LiPF, electrolyte increases
the probability of creating many fluorine-containing nucleation centers, where the
chemical species nucleate and grow from both FEC and LiPFs decomposition ac-
cording to crystal nucleation theory.** The electrolyte of type A battery is extracted
by a centrifugal machine, and tested by gas chromatography-mass spectrometry
(GC-MS), proving that the ratio of FEC to ethylene carbonate (EC) is 4 wt % to 47
wt % (FEC/EC 4/47 wt %) in the electrolyte (see Figure Sé). The consumption of
the electrolyte reduces the recyclable lithium and causes an increase in the SEl resis-
tance,”” resulting in the continuous growth of the surface layer, and more formation
of the surface layer reduces the material porosity and hinders lithium movement into
the anode, leading to the loss of battery capacity. In summary, the cathode from
Ad_#1 and A1_#3 cells shows both kinetic and thermodynamic loss, which is related
to the microcracks and disintegration of the cathode secondary particles. The anode
shows mainly thermodynamic loss as the electrochemical polarization is not obvious.
Dense deposition and aggregation structures are observed from the SEM images,
which is proposed to be a result of the decomposition of the electrolyte and the
interface reaction leading to a faster capacity loss.

Discussion of the degradation inconsistency

The aforementioned discussion indicates that the nonlinear capacity fade is related to
the deposition on the anode surface, which is most likely from the decomposition of
the FEC in the electrolyte, meaning that the degradation inconsistency between
different cells is relevant for the decomposition of FEC and the degree of decompo-
sition. Studies indicate that a high potential of anode vs. Li*/Li in the full cell (cathode
vs. anode) triggers the decomposition of FEC.* Therefore, the potential of the anode
vs. Li*/Li during cycling is investigated. The cathode vs. Li*/Li, anode vs. Li*/Li, and full
cell curves from the three-electrode cell in which the solid line and dotted line indicate
the discharge rate of 0.824 and 0.1 mA are illustrated in Figure 3A, respectively. The
differential voltage (DV) curve corresponding to Figure 3A for the 0.1-mA discharge is
presented in Figure 3B. There are four peaks in the DV curve of the full cell in which
CA1 and CA2 peaks are from the cathode, and AN1, AN2, and AN3 peaks are from
the anode, while CA1 and AN1 peaks are overlapping. Usually, the DV curves are
used for degradation mechanism analysis according to the changes in peak posi-
tions.””**’ During cycling, the shortening of L1 represents the loss of cathode active
material, and the shortening of L2 represents the loss of anode active material. The L3
represents the relative voltage windows of the cathode vs. Li*/Li and anode vs. Li*/Li
curves, whose variation is related to the LLI. The relative positions of the cathode and
anode are determined by the DV analysis. Figure 3C shows the discharge curves of
one type A cell in group A1. The gradient line represents the high-rate (1C) discharge
curve in each cycle, and the separated blue line represents the low-rate (C/25)
discharge curve in every 100 cycles. The relaxation voltage at the end of the high-
rate discharge is marked in Figure 3C, which shows an increasing trend as the cycle
increases. The DV analysis is conducted on the C/25 discharge curve as obvious peaks
can be derived due to the low polarization. A method using the relaxation voltage
probing the potential of anode vs. Li*/Li is proposed by bridging the discharge
voltage curve at C/25 and C/3, as illustrated in Figures 3A and 3D.

The voltage corresponding to the 0.1-mA discharge curve (solid line referring to the
time[seconds], x axis) in Figure 3A is treated as a pseudo-open circuit voltage (OCV).
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Figure 3. Results of the cell degradation inconsistency
(A) Voltage curves from the three-electrode cell.

(B) A schematic plot of the DV curve.

(C) Voltage change during cycling.

(D) Voltage identification strategy.

(

E) Comparison of the battery capacity from the measured and estimated.

The relaxation voltage of the 0.824-mA discharge curve (dashed line referring to the
capacity [Ah], x axis) for the full cell is named point 1 (P1), and the corresponding
voltages of cathode vs. Li*/Li and anode vs. Li*/Li are defined as P2 and P3, respec-
tively. When the P1 is obtained experimentally, the same voltage point P4 can be
determined from the 0.1-mA discharge curve, as shown in Figure 3A. Then, the
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Figure 4. Cycling performance

(A) The identified cutoff voltage of anode vs. Li*/Li for the A1 group. The voltage of the cells with
good (A1_#1-A1_#2) and weak (A1_#3- A1_#6) performance is averaged, respectively. Data are
represented as mean + SD.

(B) The identified cutoff voltage of anode vs. Li*/Li for the A2 group.

voltage of cathode vs. Li*/Li (P5) and anode vs. Li*/Li (P6) corresponding to the P4
can be obtained by making the vertical line through P4 once their relative positions
are determined on the 0.1-mA discharge curve. Meanwhile, it is found that the relax-
ation voltage of high-rate discharge (0.824 mA) for cathode vs. Li*/Li (P2) and anode
vs. Li*/Li (P3) is equal to the voltage of P5 and P6, respectively, meaning that the
relaxation voltage of high-rate discharge for cathode vs. Li*/Li and anode vs. Li*/
Li is deduced from the voltage relaxation of high-rate discharge of the full cell based
on the C/25 rate discharge curve for cathode vs. anode if the pseudo-OCV curves for
cathode vs. Li*/Li and anode vs. Li*/Li are identified. Hence, a voltage identification
flowchart is proposed in Figure 3D. First, the OCV curves of cathode vs. Li*/Li, anode
vs. Li*/Li, and cathode vs. anode for the cell at the BoL state are obtained by the
three-electrode test as the baseline (D). Second, the DV curve is processed by differ-
entiating the voltage with respect to the capacity during cycling. The change and
offset between the cathode and anode OCV curves for the cycled cell are deduced
by identifying the change of the peak of the DV curve (see the section “voltage iden-
tification method” in “experimental procedures” @). Finally, the potential of anode
vs. Li*/Li after relaxation for the cycled cell can be gained by combining the offset
OCV curves and the relaxation voltage as demonstrated from P1 to P6 in Figure 3A
(®). A capacity value is treated as an estimated capacity once P4 is determined. The
real tested capacity from P1 and estimated capacity from P4 match well in Figure 3E,
which verifies the reliability of the voltage identification method.

The cells are classified as good and bad cells based on whether they demonstrate a
linear decline in capacity over time. The identified working potential of anode vs.
Li*/Li for cells with good performance (A1_#1-A1_#2) and cells with weak perfor-
mance (A1_#3-A1_#6) are lower than 0.8 V, as shown in Figure 4A. There is no copper
dissolution in the anode because it is verified that copper dissolution begins when the
anode potential exceeds 3.56 V vs. Li*/Li theoretically.*®*? The anode vs. Li*/Li for
cells A2_#1 (good performance) and cells A2_#3 (weak performance) with 2C/2C
charge and discharge rate are shown in Figure 4B. It is found that the anode vs. Li*/
Liis higher for the cells with weak cycling performance than that of the cells with excel-
lent cycling performance in the early cycles (before 400-600 cycles), as shown in
Figures 4A and 4B. From Figure S7, the cathode vs. Li*/Li is located above 2.9-
3.3V at the end of discharge; in addition, the full cells are cycled to 4.2 V, indicating
that no transition metal dissolution appears as the transition metal dissolution usually
occurs at elevated charge cutoff voltages (beyond 4.4 V vs. Li*/Li).>*>" The cathode
working potential of cells with good performance is higher than that of the
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weak-performance cell, meaning a narrower cycling voltage window facilitating the
stability of the cathode material, which is consistent with the analysis in section “degra-
dation mechanism analysis.” The high potential of anode vs. Li*/Li in the early cycles is
speculated to be the reason triggering nonlinear and inconsistent battery degradation
since it has been interpreted as the decomposition of the FEC caused by a high poten-
tial of the anode as observed on anode SEM images in Figure 2M. It also explains the
good performance of cell whose lower cutoff voltage increased from 2.5 Vto 3V/3.3V
in Figure 1D, as the increase of full cell voltage leads to a decrease of the anode vs. Li*/
Li potential, which can be seen as one of the contributing factors in the suppression of
rapid battery degradation. Detailed discussion is given in the next section. In addition,
from Figure 4, it can be observed that the identified cutoff voltage of anode vs. Li*/Li
starts to rapidly decrease when the battery experiences rapid capacity fade. There-
fore, in practical applications, the first step is to utilize the proposed method to iden-
tify the cutoff voltage for anode vs. Li*/Li, as shown in Figure 3D. Subsequently, the
rate of decay of the identified cutoff voltage of anode vs. Li*/Li is used to determine
the starting of raising the lower cutoff voltage.

Verification of the lifetime prolonging method

By the observation of P1, P2, and P3 in Figure 3A, the polarization of the anode is
lower than that of the cathode due to its higher electrical conductivity and low po-
larization during delithiation. It is assumed that, when approaching the cutoff
voltage, the accelerated voltage drop is ascribed to the polarization of the cathode
and the potential increase of the anode. The polarization from the cathode side
cannot be regulated by operating conditions, but the anode can be shifted toward
a lower working potential by increasing the battery cutoff voltage. From the results in
Figures 4A and 4B, the anode potential decreases from 0.7 Vto 0.2 V in the course of
cycling, and itis around 0.5V at approximately 400 cycles. A strategy to increase the
cutoff voltage from 2.5 V to 3 V and 3.3 V respectively is proposed before the cell
enters the fast degradation region (after 85% of the initial capacity for type A cells),
as shown in Figure 5A. The changes of the cycling voltage window lead to approx-
imately 10% and 20% SoC loss compared with the full voltage window (2.5-4.2 V)
at the 400%™ cycle. The relaxation voltage goes back to 3.35 and 3.5 V, as shown in
Figure 5B, and the corresponding anode potential goes from 0.60 V down to
0.32V for A5_#1 cell, and from 0.63 to 0.23 V for A4_#1 cell, as shown in Figure 5C
by the method in Figure 3D. In total, the cathodes do not show obvious change and
always operate within an appropriate voltage range, which is responsible for the
working stability. The increase of the cutoff voltage keeps the anode working in a
low potential range after 400 cycles and outside the FEC decomposition region,
which corresponds to the good cycling performance in Figure 1D, and the degrada-
tion mechanisms are verified in Figure 3.

Two other cell types (type B and type C) are used to verify the proposed lifetime pro-
longing method. The capacity change of type B is illustrated in Figure 5D, and B1
and B2 mean different cycling protocols, as illustrated in Table 1. The cells without
any change (B1) show an accelerated capacity decay after 150 cycles (approximately
90% of the initial capacity). The lower cutoff voltage is raised from 2.65 to 3.0 V after
150 cycles for the B2 cells, and it can be found that a 16.7% Ah throughput increase is
obtained at 70% of its BoL capacity, and 24.5% Ah throughput is achieved at 50%
(BoL capacity is the average of initial capacities for each type cell). The correspond-
ing impedance is shown in Figure 5E. The impedance is similar for B1_#1 and B2_#1
at the Bol state, and the resistances increase with battery cycling. When the Ah
throughput approaches 1,240 Ah, all the resistances of B2_#1 are less than that of
the B1_#1 cell in Figure 5F. The cycling results of type C are similar to type B. The
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Figure 5. Verification of the lifetime-prolonging method
(A) Voltage curves of the A4_#1 cell during cycling, including first N®™ and after Nt cycle (N = 400).

(B) The relaxation voltage of the A4_#1 and A5_#1 cells after full discharge.

(C) The calculated potential of cathode vs. Li*/Li and anode vs. Li*/Li, in which the contribution of cathode and anode for the abrupt full cell potential
change are compared in the embedded figure.

D) The capacity change of type B.
E and F) The AC impedance result for the type B at the BoL state (E) and the result for the type B (F) at the fatigued state.
G) The capacity change of type C.

G) are the average Ah throughput at 70% and 50% of the BoL capacity. Data are represented as mean + SD. The embedded figures in (E), (F), (H), and

()

(

(

(Hand 1) The AC impedance result for the type C at the BoL state (H) and the result for the type C (I) at the fatigued state. The embedded plots in (D) and
(

(

I) show the calculated RO, R1, and R2.

capacity threshold occurs around 200 cycles (approximately 85% of the initial capac-
ity). A 33.7% and 40.3% capacity extension is achieved at 70% and 50%, respec-
tively, after the increase of the lower cutoff voltage from 2.5 to 3.0V, as shown in Fig-
ure 5G. The cells (C1_#1, and C2_#1) show very close resistances at the beginning in
Figure 5H, but an obvious difference occurs for each resistance when it reaches
2,750 Ah in Figure 51. From the test results of type B and type C cells, it is verified
that the proposed battery life prolongation method is effective and beneficial to
the reduction of battery thermodynamic and kinetic loss.

Comparing the lifetime prolonging results of type A, B, and C batteries reveals that,
under the same operating strategies, i.e., raising the lower cutoff voltage to 3 V after
N cycles (Table 1), the throughput of type A, B, and C cells increased by 38.1%,
16.7%, and 33.7%, respectively, when the capacity degradation reached 70%.

12

Cell Reports Physical Science 4, 101464, July 19, 2023



Cell Reports

Physical Science

¢? CellPress

OPEN ACCESS

Table 1. Summary of the 18650-type battery tests

Charge/discharge

Cycling protocols ~ Cell numbers  rate (C) Voltage window (V)  Check-up tests
First-N"  After N First-N"  After N Residual capacity ~AC impedance DV

Al 6 1”1 11 25-42 25-42 charge: 10 kHz-0.01 Hz, 250 mA  charge:

A2 3 2/2 2/2 25.4.2 25.4.2 0.5C, 4.2V, C/25 100%, 0% SoC C/25,4.2V
discharge: every 100 cycles discharge:

A3 4 11 2/2 2.5-4.2 2.5-4.2 1C, 2.5 V C/25, 2.5V

A4 3 1”7 1”1 25-42 3342 every 100 cycles every 100 cycles

A5 3 171 11 2.5-4.2 3.0-4.2

Ab 3 11 0.5/0.5 2.5-4.2 2.5-4.2

B1 3 0.5/1 0.5/1 2.65-4.2 2.65-4.2 charge: 10 kHz—0.01Hz charge:

B2 3 05/1  0.5/1 265-42 30-42 05C,42V,C/20 20 mV C/25,4.2V
discharge: 100%, 0% SoC discharge:
1C, 2.65V every 25 cycles C/25,2.65V
every 25 cycles every 25 cycle

C1 3 0.5/1 0.5/1 25-42 25-42  charge: 10 kHz —0.01 Hz, 20 mV  charge:

c2 3 0.5/1 0.5/1 2.5-4.2 3.0-4.2 0.5C, 4.2V, C/20  100%, 0% SoC C/25,4.2V
discharge: every 50 cycles discharge: C/25, 2.65 V
1C, 2.5V every 50 cycles
every 50 cycles

N is set as 400 for type A, 150 for type B, and 200 for type C according to their degradation patterns.

This indicates that there are differences in the effectiveness of the three types of bat-
teries in lifetime prolonging. One potential factor contributing to the differential
effectiveness of lifetime prolonging may lie in the existence of battery specificity;
e.g., given the distinct cathode electrode materials of type A, B, and C cells, the
optimal adjustment of lower cutoff voltage may vary.

This study proposes a method for prolonging the battery cycle life and enhancing
the battery consistency in the full life cycle. The cycling experiment of 18650
lithium-ion batteries indicates that nonlinear capacity degradation with a large
dispersion occurs around approximately 85% of the initial capacity, which is taken
as the degradation threshold. The battery degradation is proposed as a result of
the decomposition of the electrolyte and the interface reaction verified by the result
of electrochemical analysis and multiscale postmortem analysis. The inconsistent
degradation is assumed to be triggered by the change of potential of the anode
vs. Li*/Li. A method for prolonging the battery cycle lifetime is proposed, in which
the lower cutoff voltage is raised to 3 V when the battery reaches a capacity degra-
dation threshold where the nonlinear and inconsistent degradation occurs. It shows
that the battery can have a 38.1% improvement in throughput compared with the
cell of poor consistency performance at 70% of their BoL capacity, along with an
improvement in consistency. The proposed method is verified on two other types
of commercial lithium-ion batteries, the cycle lifetime extension of 16.7% and
33.7% is achieved at 70% of their BoL capacity, respectively, and it is 24.5% and
40.3% capacity extension at 50% of their BoL capacity, respectively. Results indicate
that the battery life is extended and the consistency of the batteries is improved
without the reduction of battery utilization in the early life. The research provides
new insights into battery management to prolong the battery lifetime and improve
the battery consistency at the full life cycle.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-
tact, Jiangong Zhu (zhujiangong@tongji.edu.cn).
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Materials availability
This study did not generate new unique materials.

Data and code availability

The data used to generate the plots in this study are available in the supplemental
information as Data S1. Any other data in this study are available from the corre-
sponding author upon reasonable request.

Battery cycling

Long-term cycling is conducted on three types of commercial 18650 batteries, with a
summary of cycling conditions provided in Table 1. The cycling protocols are named
AX, BX, and CX, respectively. A, B, and C correspond to different battery types. X
represents different groups using the same battery type. The quantity of the cell
samples is listed in the brackets following AX, BX, and CX, which ranges from 3 to
6 in each cycling protocol to ensure reproducibility of the test. The positive elec-
trode of the type A battery is a blend of 42 (3) wt % Li(Nig.sCog.2Mng 3)O, to 58 (3)
wt % Li(Nig 9Co00.05Alp05)O2, and the negative electrode is graphite from Zhu
etal.”’ The positive electrode compositions of the type B battery and type C battery
are Li(Nig 86C0g.11Alp 03)O2 and Li(Nig g3C00.11Mng 07)O2 respectively, and the nega-
tive electrodes for both cell types have roughly 97 wt % C and 2 wt % Si as well as
traces of H, N, and S from Sgrensen et al.”” Detailed specifications of the three types
of batteries are provided in Table S1. The charge/discharge rate and voltage win-
dow are the main factors in each cycling protocol. The charge/discharge rate is
calculated from the nominal battery capacity; i.e., 1C is equal to 2.5 A for the type
A cells, and 1C is equal to 3.5 A for type B and C cells. The “first-N""" and “after
N mean adjustment of charge/discharge rate or voltage window before and after
the N™ cycle. Different N is used to adapt to the difference of the degradation pat-
terns for the three battery types. Using A4 as an example, three cells are cycled with a
constant charge/discharge rate of 1C, in a full voltage window (2.5-4.2 V) for the first
to the 400" cycle (N is equal to 400 for type A cell), and the voltage window changes
to 3.3-4.2V after the 400%™ cycle. The check-up tests, including residual capacity, AC
impedance, and DV, are set for all cycled cells. For type A cells, every 100 cycles, the
cells are fully charged to 100% SoC with a charging protocol, which is a 0.5C charge
up to 4.2 V followed by a constant voltage (CV) step until the current is below C/25,
and then the residual capacity is tested using a 1C discharge to 2.5V, each followed
by an AC impedance test at full charge and full discharge in a range of 10 kHz to
0.01 Hz with a sinusoidal amplitude of 100 mA. A charge/discharge curve with
C/25 is obtained for the DV analysis. Similar check-up tests are conducted on type
B and type C cells but using different setting parameters, as shown in Table 1.
The cycling tests and check-up tests are performed using a Biologic BCS potentio-
stat. The cycling environment is controlled at 25°C in a climate chamber
(BINDER, £0.2°C, Germany).

Battery disassembling and electrochemical tests

One type A cell at the BoL and A4_#1 and A1_#3 cells after cycling are disassembled
at a fully discharged state under argon atmosphere in a MBraun glove box. The bat-
tery disassembling procedure is referred to in the flow chart in a previous study.”?
Cathode half-cells and anode half-cells of CR2032 type are assembled for indepen-
dent electrochemical characterization for BoL, A4_#1, and A1_#3. The electrode ma-
terials are taken halfway from the unfolded jelly-roll electrode sheet. Since the elec-
trodes are double coated in the commercial batteries, one side of the electrode
coating is removed using N-methyl-2-pyrrolidone (NMP) and the residual electrode
is washed in dimethyl carbonate (DMC) and punched out in discs with a 12-mm
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diameter. The half-cells have the anode or cathode as the working electrode and
metallic lithium as a counter electrode. A Celgard separator is used for the half-cells.
lithium hexafluorophosphate (LiPF¢) (1 M) in a mixture of DMC and EC at a volume
ratio of 1:1 is used as the electrolyte. The cathode and anode half-cell experiments
are conducted in potential ranges of 4.25-3 V and 2-0.01 V, respectively. Galvano-
static measurements ranging from C/10 to 2C (1C = 2.47 mA for half-cells) are used
to obtain fundamental information about the battery, such as residual capacity, high-
rate performance, and cycle stability. The AC impedance is tested in full-charge and
full-discharge states in a range of 10 kHz to 0.01 Hz with a sinusoidal voltage signal of
5 mV for the half-cells. A Swagelok three-electrode cell using the cathode and anode
from the Bol cell plus metallic lithium as a reference electrode is used to monitor the
initial potential shift of the cathode vs. Li*/Li and anode vs. Li*/Li. The three-elec-
trode cell measurements are performed with 0.824 mA and 0.1 mA at 25°C using
the same cutoff voltage as for the commercial cells (i.e., between 2.5 and 4.2 V).
The electrolyte of type A cells is collected by a centrifugal machine, and the compo-
sition is tested by a GC-MS (Agilent GC-MS 7980B 5977B).

SEM-EDX and XRD techniques

The morphologies of the cathode and anode are obtained using SEM (Zeiss Merlin
and Zeiss Supra). Both surfaces, facing the separator and the current collector, have
been investigated by SEM analysis. The surface facing the separator is exposed by
removing the separator from the electrode. The surface facing the current collector
is obtained by removing the aluminum foil with a tweezer after having the surface
of the cathode attached to a carbon base, as shown in Figure S1. The element dis-
tribution in the selected cathode is tested by EDX (Bruker/Quantax 400 detector).
An advanced XRD device (STOE Stadi P) is used for the structural characterization
of both the cathode and anode. In situ XRD experiments are performed for the
cathode half-cells in transmission geometry with cells having a special Kapton win-
dow to allow for beam transmission.®* The cell is cycled at a current rate of 0.124
mA between 3 and 4.25 V using a pAUTOLABIII/FRA2 potentiostat. The in situ XRD
patterns are collected by the STOE diffractometer with Ag Kal source (A =
0.5594 A) at room temperature for 20 min for each pattern. The 26 scan range
for the in situ XRD experiment is set from 0° to 36.6° with an angular resolution
of 0.015°. In situ TR-XRD was performed for the cathode materials in a full de-lithi-
ated state between 25°C and 650°C (25°C, 50°C, and then at 50°C increments up
to 650°C). To achieve the fully de-lithiated cathode, the cathode half-cells are
assembled followed by a full charge up to 4.25 V with a constant current rate of
0.824 mA and a holding voltage (4.25 V) until the current decreases to 0.1 mA.
Then, the cell is opened and the cathode material is extracted from the aluminum
current collector, manually hand milled, and filled into a 0.5-mm & quartz capillary
inside a glove box. The 26 scan range for in situ XRD experiments is from 6° to
60.6°. The in situ TR-XRD patterns are collected using the STOE diffractometer
with Mo Ka1 radiation (A = 0.7093 A) for 100 min for each pattern. The ex situ
XRD tests are performed for the as-opened anode materials at room temperature
with an STOE diffractometer with Mo Ka1 radiation. The measurements are carried
out between 4° and 62° with an angular resolution of 0.015°.

Voltage identification method

The DV analysis hypothesizes that the loss of lithium and active material leads to the
voltage curve shrinking and shifting. Thus, the specific process shown in Figure 3D is
achieved by adjusting the horizontal coordinate as follows: n =[0,1,2 ...], where n'is
the number of cycles for each cell. Xn = [x1_n, x2_n, x3_n, Urelax_n, Creal_n] is the
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dataset of the n'" cycle for each cell. xn is the ratio of the shortening of L1 in the n*"
cycle compared with the L1 at the BoL, and can be expressed as:

o,
" Ll

x1, (Equation 1)

where L1_n is the length of L1 in the n' cycle and L1_bol is the length of L1 at the
Bol.

The horizontal coordinate of the cathode OCV curve in the n' cycle is shortened to
the original x1_n since the shortening of L1 represents the loss of active material for
the cathode and assumes that L1 and loss of the cathode active material are linearly
related. The cathode OCV curve at the Bol is noted as Uca_bol(capacity, U), thus,
the cathode OCV curve in n cycle Uca_n can be written as:

Uca, = Ucabo‘( (Equation 2)

capacity*ﬂn.U)
Similarly, x2_n is the ratio of the contraction of L2, and can be written as:

L2, .
X2, = 20s (Equation 3)

where L2n is the length of L2 in the n™ cycle and L2bol is the length of L2 at the BoL.
The horizontal coordinate of the anode OCV curve in n™ cycle will be shortened to

the original x2_n due to the anode LAM. A translation of the anode OCV curve is
caused by LLI during cycling. x3_n is the shift of the relative voltage windows for
the cathode and anode curves, and it can be obtained as:

x3n = L3, — L3poi + L3bor * (1 — x2,), (Equation 4)

where L3_n is the length of L3 in the n' cycle and L3_bol is the length of L3 at the
BoL. L3_n-L3_bol is the change of L3, which is caused by the shortening and shift
of the anode OCV curve. Thus, the shortening term L3_bol*(1-x2_n) is added to
L3_n-L3_bol as compensation. The anode OCV curve at BoL is noted as Uan_bol(ca-
pacity, U), thus, the anode OCV curve in n" cycle Uan_n can be written as:

Uan, = Uanbo‘( (Equation 5)

capacity*x2n+x3n,u) :
The full cell OCV curve Un at the n'" cycle can be expressed as:
Un = Uca, — Uan, (Equation 6)

When the relaxation voltage Urelax_n is equal to the U of Un(capacity, U), and anode
OCV, thatis, cathode vs. Li*/Li and anode vs. Li*/Li in n cycle is calculated according
to Equations 1, 2, 3, 4, 5, and 6.
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