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Abstract

Electric vehicles (EVs) are imposing ever—challenging standards
on the lifetime and safety of lithium—ion batteries (LIBs). Diagnosing
the status of lithium—ion batteries is the critical step toward the
electric vehicle era. Cell diagnosis is always required throughout
batteries’ whole life from the manufacturing stage, even after the end
of life for reusing. This dissertation searched the quantifiable
chemical indicators that monitor the internal status of a cell based on
the understanding for chemical mechanism.

Firstly, at the post—manufacturing stage, cell inspection and
classification of lithium ion batteries are the compulsory step for the
transition to the electric vehicle era requiring high standard of safety
and reliability. To meet high standard, it is important to sort out
defective cells at the source before cells are loaded on EVs
containing hundreds to thousands of cells. Consequently, it is
important to diagnose the internal status and grade cells’
performance at the stage of post—manufacturing. Heterogeneity
indicator, or the electrochemical signal in differential voltage profile,
is introduced as a key tool for cell inspection and classification.
Specifically, the indicator is associated with the ‘heterogenous’ status
inside cells such as uniform arrangement of electrodes, which affect
uniformity of lithiation in a graphite anode. Importantly, the
heterogeneous cells tended to exhibit lower cycle performance,

which enables the heterogeneity indicator at the initial{;\Qy_o,l;e_ ;@li &=]
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predict cycle life of cells and to classify cells for assembling modules.
In practice, the module containing the consistent cells sorted by the
heterogeneity indictor improved cycle performance than that of
inconsistent cells. The chemical indicators such as heterogeneity
indicator can contribute to ensure highly reliable and safe module by
inspecting and sorting cells at the post—manufacturing stage.

Secondly, during operation of EVs, real—time non—destructive
monitoring of battery cell degradation i1s highly desired.
Unfortunately, high—nickel layered oxides, the preferred LIB
cathodes for EVs, undergo performance degradation originating from
micro—crack formation during cycling. Entropymetry is introduced as
a real—time analytic tool for monitoring the evolution of micro—
cracks in these cathodes along the state of charge. The entropy
change of the layered cathode is associated with the lattice
configuration and reflects the structural heterogeneity relevant to the
evolution of these micro—cracks. The structural heterogeneity was
correlated with peak broadening in mn—situ X—ray diffractometry
while varying the experimental conditions that affect crack formation
such as the upper cut—off voltage during charging and the Ni—content
of the active material. Entropymetry, proposed here as a non-—
destructive diagnostic tool, can contribute greatly to the safe and
reliable operation of LIBs for EVs.

In summary, we introduced the chemical indicators that reflect the
status inside batteries; the heterogeneity indicator for graphite
anodes and entropymetry for Ni—rich cathodes. Both of the indicators
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the peak height in entropy change profile, which are attributed to the
chemical phenomena inside a cell. At last, the chemical indicators
were demonstrated as useful tools for monitoring and inspecting the
inside of cells, with the ultimate goal of improving the safety and

reliability of LIBs.
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1. Introduction

1.1. Transition to the electric vehicle era

As the climate change emerge as one of the most important
agendas, the whole world has tried to reduce carbon emission." The
electrical vehicles (EVs) are one effort to reduce carbon emission
from internal combustion engines.? In fact, regulations on internal
combustion engines was being reinforced around the world and the
supply of EVs is increasing. In detail, the market share of EVs is

expected to increase up to 80% with cumulative EVs sales exceeding

1800 million by 2060 (Figure 1. 1).°
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Figure 1. 1 Cumulative EV sales and EV market share. Battery, plug—

in hybrid and hydrogen fuel—cell EVs are all included. Adapted from

Cano et al.®
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1.2. Battery diagnostics based on chemical

understanding

Battery diagnosis and management will become more and more
important as lots of EV drivers demand high reliability and safety for
their EVs. In practice, cell diagnosis is inseparable from the entire
life cycle of a battery form manufacturing to disposal (Figure 1. 2):

1) At the post—manufactured stage, cell inspection should screen
out faulty cells.*®

2) After inspection, cells are assembled into module and packs.
At this stage, normal cells also need to be classified based on their
performance.S' 7

3) Once mounted on an EV, battery manage systems (BMSs)
monitor and manage the batteries.®

4) After the end of life, batteries of EVs can be recycled into
energy storage systems requiring lower power.'* !

However, it is still not enough to fully monitor and manage the
health state of batteries. To do this, it is highly important to
understand the internal status of the battery because all phenomena
attribute to some physiochemical or electrochemical mechanism.
Therefore, tremendous analyzes have been conducted to understand
the chemical mechanism.'? The shape and structure of the materials
in a cell could be observed through scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)."” And the

surface of materials could be investigated by X—ray photo_lelec;tronl_
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spectroscopy  (XPS),'*  time—of—flight secondary ion mass
spectrometry (TOF-SIMS),"® energy dispersive X—ray

spectroscopy (EDX).!

Also, electrolyte could be assessed through
Raman spectroscopy,’’ gas chromatography (GC).'® However, all of
the above techniques helpful in understanding the chemical
mechanism, but require cell disassembly. On the other hand, some
techniques such as ultrasonic,'” X—ray,* and thermography® could
identify the internal status of a cell without disassembly, but they
require separate devices and are difficult to measure. Therefore, for
practical use, it is ideal to investigate the internal status of a cell with

current, voltage, and temperature that were already accessible or

easily measurable.

iii Inspectlon III Cell cIaSSIflcatlon ' i
iil III l Faulty cells i .

As-manufactured cells Graded cells Sorted modules

/

Battery management
~ Reuse judgement %
R < 0

Recycled Energy Storage System Electric vehicle

Figure 1. 2 Cell diagnosis and management of LIBs at each step in the

life cycle of LIBs.
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Besides the aforementioned requisites, it can be used as a
diagnostic tool only when it is possible to quantify a chemical
phenomenon that indicates a specific state inside the cell. This is
because cell inspection and BMS must numerically judge the state of
the cell. Therefore, battery chemists need to identify the chemical
indicators that quantify the internal status of a cell. The inspection
tools and BMSs for LIBs would become accurate and sophisticated
by utilizing diverse chemical indicators. Furthermore, identifying
better chemical indicators could improve the reliability of EVs and

advance the EV era.

1.3. The chemical indicators identifying heterogeneity

inside a cell

Heterogeneity exists everywhere in battery systems, from the
nanoscale to the macroscale (Figure 1. 3).* In dynamic state such as
charging, the concentration of Li ions would be uneven all over the
place, from a particle of active materials to electrodes.?’ In static
state, in addition, differences in pressure or temperature across the
cell might cause spatially different distributions of lithium ions.*
Therefore, the condition inside a cell would affect the distribution of
Li concentration. For example, the damaged region in active materials
would retard the flow of Liions.?? Also, local variation of temperature
or pressure in a cell could induce different kinetics of Li ions.* In
this light, the heterogeneity inside a cell could monitor the

comprehensive status inside a cell. In detail, in this disserfa%ioh;f the_!i & T}.'
I = "] =/ -
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structural change of the high—nickel cathode materials was
monitored by entropy change. And the degree of uniformity on the
graphite (Gr) electrode was assessed by the specific peak intensity
in the differential voltage (DV) profile during charge. It is sure that
the introduced chemical indicators, or the entropy change and the
peak intensity in DV profile, would improve reliability and safety of

EVs and the overall supply system of LIBs.

A Particle B electrode C cell

Underlithiated
Graphite

Figure 1. 3 Heterogeneity from particle, electrode to cell level in a
LIB. (A) Adapted from Tian et al.?! (B) Ho et al.?* (C) Senyshyn et

al.?®
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2. Lifetime prediction of lithium ion batteries by

using the heterogeneity of graphite anodes

2.1. Introduction

The accelerated transition to electric vehicles (EVs) in the
mobility sector is driving the production of enormous numbers of
battery cells. Each EV contains hundreds to thousands of cells
depending on the type of cell."" > ® Warranting the safe and durable
cycling of these cells with high reliability requires the internal status
of each lithium ion battery (LIB) cell to be diagnosed and graded at
the post—manufacturing stage and during cycling.” > ® In the current
battery value chain, cell makers inspect the quality of manufactured
cells by evaluating the capacity, direct current internal resistance
(DCIR), drop in the open circuit voltage (OCV), etc.”® The internal
features of a battery cell can also be examined by using tools such

11,12 and

as acoustic spectroscopy,” 'Y X—ray computed tomography,
fiber Bragg grating (FBG) sensing.'® The former electrochemical
analyses provide superficial information regarding the state of health
(SOH) of a cell, whereas the majority of the latter techniques are
destructive (requiring the cell to be opened) or require redundant
steps and additional equipment. At present, cell makers usually rely
on electrochemical methods, particularly in the formation cycle, to

make the “go or no go” decision for individual cells before releasing

them. =



Among the diverse electrochemical diagnostic tools,
differential voltage analysis (DVA) is one of the most attractive;
although the differential voltage (DV) can be simply calculated from
the normal potential vs. the capacity profile, it offers useful
information related to the state of the electrode such as the loss of
lithium inventory (LLI) and loss of active material (LAM).'* 15 1617
Specifically, Sauer et al reported that DVA can inform the
homogeneity of a graphite (Gr) anode in a LiFePO, (LFP)/Gr cell,*
in such a way that the sharpness of the peak on the DV profile reflects
the homogeneity of lithium (Li) ion intercalation behavior in the Gr
anode. Using a similar rationale, a separate study revealed that the
inhomogeneous distribution of Li in the Gr anodes in 18650—type
cylindrical cells resulted from the geometrical dimensions of the
cylinder in use.'® Sauer’s group also experimentally verified that the
spatially inhomogeneous degradation of the Gr anode in a
Li[NixMnyCo,]O> (NMC)/Gr pouch cell could be reflected in its DV
profiles.'” However, to the best of our knowledge, the cell—to—cell
variation at the post—manufacturing stage and the resulting
differences in the lifetime have not yet been quantitatively evaluated
using any chemical descriptor including the reaction homogeneity.

Advanced diagnosis should preferably take the state of a cell
in the manufacturing stage or early cycling period into account.?” 2!
The internal resistance (/K) is one of the most widely used
parameters for monitoring the degradation of a LIB cell.® 2% 2
Although the evolution of the /R largely corresponds with the
3

capacity fade during cycling,?® inspection of the /R alone may not
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offer sufficient accuracy for predicting the upcoming cycle life.?*
Stefanopoulou et al. reported that the resistance at low SOC can be
used to predict the cycle life of a cell by grasping the state of the
solid electrolyte interphase (SEI), which is closely linked to the
protocol of the formation cycle.?® However, this approach has clear
limitations because it is not usually applicable to cells that undergo
the same or similar formation cycles, but cycle under different
conditions. On the other hand, Chueh and Braatz et al. developed a
method that successfully predicted the cycle life of LFP/Gr cells by
utilizing the change in the voltage profile between the 10" and 100"
cycles.?* Despite statistical verification with a substantial number of
cells, the given data—based analysis relies on the electrochemical
data from a certain number of initial cycles and is therefore not
applicable to cells at an early stage of cycling. In addition, the
reported analysis may not reflect the cycling conditions, which could
be different from those during the initial 100 cycles or another
cycling range that could similarly serve as a prediction standard.

In this work, we predicted the cycle life of commercial LFP/Gr
cylindrical cells by using the reaction heterogeneity during the
charge process, as reflected in the DV profiles. This approach is valid
throughout the entire duration of cycling, even including the
formation cycle, without the need to implement additional analytical
or mathematical processing. Particularly, the change in the peak
intensity on the DV profiles quantitatively reflects the heterogeneity
of Li ion intercalation into the graphite anode, which is closely

correlated with the cycle life. This analysis yielded highly reliable
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statistics (i.e., Pearson correlation coefficient (p) of 0.82) between
the identified heterogeneity descriptor (the peak on the DV profile)
and cycle life for 77 LFP/Gr cells. Notably, most physical
characterizations available to date would not enable the
heterogeneity of LIB electrodes to be captured sufficiently to reliably
predict the cycle life of the corresponding cells with high accuracy.
Moreover, the heterogeneity analysis proposed in this study can be
used even at the formation cycle so that it could serve as a
sophisticated inspection tool with regard to the manufacturing quality
of cells under test. In the same context, this methodology could also
be used to build a highly reliable battery module by examining and

sorting individual cells at the post—manufacturing stage.

2.2. Result and discussion

2.2.1. Heterogeneity of Gr anodes

A LIB cell tends to exhibit heterogeneous behaviors in terms of

Li ion diffusion and storage, which to some extent is the result of
irregular electrode environments with respect to the temperature,
pressure, or the presence of an electric field. These heterogeneous
behaviors could also originate from imperfect manufacturing
processes such as nonuniform electrode coating and calendaring. The
nonuniform Li ion flux and storage under these environmental
conditions during  operation, additional to  manufacturing
M-Et
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discrepancies, lead to irregular interfacial degradation and therefore
accelerate capacity decay.?® %" Figure 2. 1A and 2. 1B depict the
lithiation process in the Gr anodes in a jellyroll with homogeneous
and heterogeneous distributions of Li ion storage, respectively, In
relation to the so—called staging effect. Specifically, these figures
capture stage II of the Gr anodes at which Li ions (green spheres)
occupy every other layer. At this stage II, Li ion occupation could be

either regular (Figure 2. 1A) or (relatively) irregular (Figure 2. 1B)

Heterogeneous cell

Homogeneous cell

\

Capacity

N\

Capacity

»
Homogeneous Gr cell &

N

Voltage
Voltage

Cc

Heterogeneous Gr cell

Figure 2. 1 Heterogeneity of Gr anodes and relation to voltage
profiles. Scheme showing the relation between spatial homogeneity
of lithiation in the Gr anode and voltage profile: (A) homogeneous
and (B) heterogeneous lithiation near stage II. Corresponding voltage
profiles of different regions in the Gr electrodes (bottom). (C)
Voltage profiles of the cells with spatially homogeneous and
heterogeneous Gr anodes at stage 1II. I A_] _—?-:' l:” %
13 = e

L



over Gr electrodes depending on the various electrode states and
operating conditions. This distinct effect of the heterogeneity in this
stage during lithiation must be reflected in the potential profiles
(shown below the illustrations in Figure 2. 1A and 2. 1B). The
heterogeneous lithiation at different locations in the electrode is
represented by the potential profiles with some variations in the peak
shape and a peak shift, which lead to one collective profile with a
gentle slope between the two voltage plateaus (Figure 2. 1C). Based
on this logic, a cell with greater heterogeneity in its lithiation
distribution would have a less steep slope around the stage transition.
Figure 2. 2 displays the voltage (top) and d Vd@! profiles (bottom)
of an LFP/Gr cell. Based on the rationale that the slope of the voltage
profile near a stage transition reflects the spatial heterogeneity of

lithiation, the gap between the valley and the peak in stage II on the
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Figure 2. 2 Voltage (top) and corresponding DV (bottom) profiles of
an LFP/Gr cylindrical cell as a function of the capacity during charge
consisting of different stages. x:'r-! _-SI:I_ 1_-_1
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d1VdQ ! profile, denoted APeakss (green arrow), was established as a

descriptor to represent the heterogeneity of lithiation in the Gr

anode,'* 1928

LFP/Gr cells were monitored under four different conditions

(1C@25 °C, 2C@25 °C, 1C@45 °C, and 1C@10 °C) until their state

of health (SOH) reached 80% to confirm the relation between the

heterogeneity of the Gr anode and the value of APeakss (Figure 2. 3).

For reference, the SOH in this study was solely used to represent

the capacity retention:
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Figure 2. 3 DV profiles against the capacity under different cycling
conditions: (A) 1C@25 °C, (B) 2C@25 °C, (C) 1C@45 °C, and (D)
1C@10 °C. The legends refer to the SOH (%).
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where @gor and Q) are

(BOL) and the " cycle, resp

the capacity at the beginning of life

ectively. Depending on the changes in

the value of APeakss, the 1C@45 °C and 1C@25 °C conditions are

classified as “homogeneous”

degradation and the 1C@10 °C and

2C@25 °C conditions as “heterogeneous” degradation. These results

imply that a low temperature and high C-rate tend to more

significantly induce heterogen

eity of the Gr electrode (Figure 2. 4).

APeakss, a heterogeneity descriptor related to stage IV (Figure 2. 5),

also wvaried consistently among the cells that underwent
A
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Figure 2. 5 APeaks, is defined. Same voltage (top) and DV (bottom)

profiles of the LFP/Gr cylindrical cell shown in Figure 2. 2.

homogeneous and heterogeneous degradation (Figure 2. 4).
Remarkably, the series of results in Figure 2. 4A convey an important
message that, even at the same SOH (the same capacity retained),
the heterogeneity of the electrode could differ such that the
degradation trend in subsequent cycles could be different. Once again,
the key operating conditions have a deterministic effect on the

evolution of the heterogeneity. We considered applying the same
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methodology to the discharge profiles (Figure 2. 6). Although the
peaks of the DV profiles during discharge allow the cell evolution to
be distinguished at different C—rates, the discharge profiles are not
as suitable as their charge counterparts in diagnosing the state of a
cell because the amount of Li ions intercalated in the Gr could affect
the APeakss intensity.?

The degradation of the Gr anodes was confirmed by disassembling

the cylindrical cells. The Gr anode in the fresh cell had a clean, Li—

Fresh

case

=ase inside core,

outside

Figure 2. 7 SEM and optical (center) images of the Gr anodes of a
fresh unrolled LFP/Gr cell. “Inside” and “outside” refer to the side
facing inward and outward in the jellyroll, respectively. “Case” and
“core” refer to the part near the can case and the core of the jellyroll,
respectively. The numbers in the SEM images correspond to the

o . . . ; -
spots indicated in the optical 1ma1ge8 in the center. | :: "fH __E_ t__” {,'Tl. ]]Ir_



free surface and intact Gr particles in the scanning electron
microscopy (SEM) images (Figure 2. 7). For reference, the optical
image of the electrode in the center of Figure 2. 7 displays both the
inside and outside of the graphite anode (double—sided Gr coated on
the current collector). In this image, the area toward the left—hand
side corresponds to the end closest to the can case, and the area

toward the right—hand side is closer to the core of the jellyroll. The

1C@25 °C

inside

& L8] 4 - e/ - .
— —_—

outside

Figure 2. 8 SEM and optical (center) images of the Gr anodes of an
LFP/Gr cell cycled at 1C@ 25 °C until SOH80 was reached. “Inside”
and “outside” refer to the side facing inward and outward in the
jellyroll, respectively. “Case” and “core” refer to the part near the
can case and the core of the jellyroll, respectively. The numbers in
the SEM images correspond to the spots indicated in the optical
image in the center. o - KH __3_ 1_-_” '.@"Tl ]_].’_



images in Figure 2. 8 and 2. 9 are laid out in the same fashion. When
imaged at SOHRO, the Gr anode cycled at 1C@25 °C had an overall
clean surface, but intensive Li plating was observed near spot 4
(Figure 2. 8). In contrast, at the same SOHRK0, the Gr anode cycled
at 2C@25 °C had more extensive surface damage across the entire
electrode. Moreover, SEM images at higher magnification (Figure 2.

9) revealed the surface to be covered with reaction by—products.

2C@25 °C

case core
— R —

inside

Figure 2. 9 SEM and optical (center) images of the Gr anodes of
LFP/Gr cell cycled at 2C@ 25 °C until SOH80 was reached. “Inside”
and “outside” refer to the side facing inward and outward in the
jellyroll, respectively. “Case” and “core” refer to the part near the
can case and the core of the jellyroll, respectively. The numbers in
the SEM images correspond to the spots indicated in the optical
image in the center. , fH -f.‘;- 1_'_” .{j} ]_].’_
20 R “



The overall electrode scale indicated that the surface of the Gr anode
cycled at 2C@25 °C was more severely degraded, which must be
linked to heterogeneous (de)lithiation through its Gr anode. The
locally severe Li plating of the particular jellyroll at 1C@25 °C is
attributed to its natural inhomogeneity as well as the larger charging
capacity at 1C compared to 2C. In particular, the larger charging
capacity could promote severe Li plating once the cell ages.
Furthermore, the outside of the anode is known to be more vulnerable
to Li plating. This is because the area of the facing cathode is larger
than that of the anode owing to the curvature of the jellyroll, providing

a higher likelihood for Li ions to be locally concentrated.’® On the
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Figure 2. 10 TOF—SIMS results of the Gr anodes in the LFP/Gr cells
(A) before cycling (SOH100), and after cycling at (B) 1C@25 °C and
(C) 2C@25 °C until SOHK0 reached. . e
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other hand, according to time—of—flight secondary ion mass
spectrometry (TOF—=SIMS) analysis (Figure 2. 10), larger quantities
of LiFy? and CsHO™ were detected for the Gr anode cycled at
2C@25 °C compared to the anode cycled at 1C@25 °C. These two
fragments are decomposition products of the LiPFg salt and
electrolyte  solvents, respectively. The more  significant
decomposition of the electrolyte reflects increased interfacial
polarization as the C—rate is increased. For the same reason, the
color of the dimethyl carbonate (DMC) solvent used to wash the
jellyrolls changed according to the cycling conditions (Figure 2. 11).
The DMC used to wash the fresh Gr anode and the aged Gr that
underwent cycling until SOH80 at 1C@25 °C appeared to be
transparent. In contrast, the DMC that was used to wash the Gr anode
cycled until SOH80 at 2C@25 °C turned yellowish as a result of its
more unstable SEI formation, which is rooted in its more

heterogeneous (dis)charging reaction.

Fresh 1C@25 °C 2C@25 °C

Figure 2. 11 DMC solvent used for washing the jellyrolls of LFP/Gr
cells: (A) before cycling and after cycling (SOH80) at (B) 1C@25 °C

and (C) 2C@25 °C. 9
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2.2.2. APeakss as a key descriptor for electrode

heterogeneity

To examine the possibility of using APeakss as a key descriptor
of cell degradation, multiple LFP/Gr commercial cells were operated
for one cycle and their first charging profiles were analyzed by
focusing on APeakss. For example, two cells were identified as
homogeneous and heterogeneous cells based on their large and small
values of APeaksq, respectively, as displayed in Figure 2. 12A. The
cycle life of these two cells corresponded with their anode
heterogeneity in that the homogeneous and heterogeneous cells
retained 80% of their initial capacities for 373 and 193 cycles,
respectively (Figure 2. 12B). The heterogeneity of the Gr anode in
the heterogeneous cell presumably gave rise to relatively more
nonuniform reactions resulting from locally concentrated current and

heat distributions®!, which shortened its cycle life. Hence, the
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Figure 2. 12 Correlation between electrode heterogeneity and cycle
life. (A) DV profiles of homogeneous and heterogeneous cells, and
(B) their corresponding cycle life when measured at 1C for both

charge and discharge at room temperature.
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correlation between APeakss and the cycle life informs that APeakse
on the DV profile could be an indicator of the quality of as—
manufactured cells.

The heterogeneity of Gr electrodes that led to the distinct

cyclability was indeed reflected in the electrode arrangements in the

cathode overhang

1 Cul Gr i B AllLFP

Figure 2. 13 Correlation between electrode heterogeneity and
electrode arrangement of LFP/Gr cylindrical cells. (A) Side cross—
sectional XRM images of the homogenous and heterogenous cells
(left). Enlarged views of the upper sides of electrodes in the
jellyrolls (right). Top cross—sectional XRM images of the (B)
homogeneous and (D) heterogeneous cells. All scale bars in this
figure are 1 mm. (C) Enlarged central voids of the jellyrolls
containing the homogeneous and heterogeneous cells to compare the

roundness of the voids. 4 O ] —
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jellyrolls. Examination of a cross—section of the cell from the side
using X—ray microscopy (XRM) (Figure 2. 13A and 2. 14) captured
the copper (Cu) and aluminum (Al) current collectors as thin bright
and thick dark lines, respectively, as indicated with the orange and
sky —blue markings. The Gr anode and LFP cathode, respectively,
were coated on both sides of the Cu and Al current collectors, and
the greater thickness of the cathodes originated from the thicker
coating of LFP than Gr. The lines connecting the edges of the anodes
and cathodes are presented below the XRM images in orange and

sky—blue color, respectively. The current collectors in these two

A B
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Figure 2. 14 Vertical cross—sectional XRM images of the (A)

homogeneous and (B) heterogeneous LFP/Gr cylmdnqal QXI_IES._;?_T_ Eﬂ EI-L Iﬂ
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cells had two highly distinct arrangements (Figure 2. 13A, right). The
homogeneous cell exhibited an even alignment with a uniform anode
overhang (the marginal area of the anode because of its larger size
than that of the facing cathodes). By contrast, the anodes and
cathodes of the heterogeneous cell were misaligned such that the
edges of some cathodes extended beyond the upper ends of the

2

surrounding anodes (“cathode overhang,” the opposite of anode
overhang), as indicated by the red arrows in the magnified figure.
Cathode overhang is highly detrimental to the cyclability and safety
of a cell as Li can be plated on the upper edge area of the Gr anode
due to oversupply of Li from the protruding cathode, giving rise to
short circuits.

The top view cross—sectional XRM images were captured
across the cylindrical cells to assess the roundness of the jellyrolls
(Figure 2. 13B and 13D). The jellyroll of the homogeneous cell had
an undistorted circular shape whereas the shape of the
heterogeneous cell’s was more ellipsoidal. The shapes of the core
holes of these two jellyrolls also reflected their respective rolled
structures (shown in blue and magenta), in Figure 2. 13C. The
roundness of the core holes was quantitatively evaluated by
employing the maximum circumscribed circle (MCC) method through
which the inner and outer radii (R, and R,..) were attained (Figure 2.
15).%* The roundness error (R, — Ri) of the homogeneous cell was
0.21 mm and that of the heterogeneous cell was three times as large

(0.64 mm). Important to note is that the heterogeneity assessment

involving APeakse can be a useful tool to inspect the state of the
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electrode coating and assembly and predict the lifetime of the

corresponding cell.

B

Ry = 3.72 mm

out

A
- Roy = 3.68 mm

Roundness error = 0.21 mm Roundness error = 0.64 mm

Figure 2. 15 MCC method for calculation of the roundness about the
enlarged void at the core of the jellyrolls in the (A) homogeneous

and (B) heterogeneous cells.

2.2.3. Lifetime prediction of LFP/Gr cells by correlating

with APeakss

A total of 77 LFP/Gr cylindrical cells were cycled under the
unified condition of 1C@25 °C to further probe the correlation
between APeakss and the cycle life (Figure 2. 16A). The cycle life
was defined as the number of cycles required to reach SOH80. The
SOH was monitored by measuring the capacity at 0.2C@25 °C every
100 cycles. Although all the cells were cycled under the same
conditions, their respective cycle lives spanned a wide range from
151 to 567 cycles, revealing the variation in the quality of the
manufactured cells. The dVd@Q " profiles of the corresponding cells
are displayed in Figure 2. 16B. As is evident from t.heify’(i% h_fg_\fﬁ” %-l_ J_!.r_
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Peakss scatter plot (Figure 2. 16C), these two parameters had a high
Pearson correlation coefficient of 0.82 for the 77 cells. Note that the
Peakss intensity was used in this analysis instead of the APeakss
intensity because of the fluctuation in the valley near 0.4 Ah, which
i1s attributed to the limited resolution of voltage detection when the
voltage plateaued at the transition from stage III to stage II. The
Pearson correlation coefficient of the APeaksq: intensity was 0.75

(Figure 2. 17). This implies that it must be possible to use the
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Figure 2. 16 Correlation between the life cycle and Peakss intensity.
(A) Cycling retention profiles and (B) differential voltage profiles of
77 LFP/Gr cells under an equivalent cycling condition of 1C charging
and 1C discharging. (C) Correlation between Peakss intensity and
cycle life with the Pearson correlation coefficient of 0.82. The colors
of dots and lines in all plots are graded according to the cycle life and
are indicated on the color scale bar in (A). ; fH -fn'; 1__.” .{j} =y
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Figure 2. 17 Cycle life vs. APeakss intensity plot with correlation

coefficient of 0.75.

aforementioned correlation to predict the cycle life of as—
manufactured cells. We used cross—validation to corroborate the
reliability of the proposed prediction approach based on Peaksq, as
one of the most widely used methods to estimate the prediction
error.”® The univariate lifetime prediction model based on the Peakss
intensity yielded the lowest mean percent error (MPE) of 13.5% and
a root mean square error (RMSE) of 51 cycles for the test dataset
(Table 2. 1 and Figure 2. 18). The MPE test error for the Peakss
intensity was less than half of the error obtained by the dummy
regressor, which was set as the baseline because it is simply based
on the mean of the training dataset without any features. On the
contrary, the predictive models using other parameters such as the
Peaks, intensity, the 1° /R, and the 1°" capacity (&) did not improve
the predictive performance and produced test errors similar to those

of the dummy regressor (Table 2. 1 and Figure 2. 19). Qh—-!thé3@ne]i ol T
I I z o 1 -
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RMSE (cycles) MPE (%)

Train Test Train Test

Dummy regressor 92 93 (25852) (24885)
Peaks intensity 52 51 (103"76) (12345)
Peakss intensity 81 81 (21218) (23298)
1 IR 93 94 &5 an

e o4 91 50 )

Var (4 Qoo-10(V)) 60 60 & o

Table 2. 1 Prediction errors of the lifetime prediction models.
Training and testing errors of the lifetime prediction models using
different parameters from the dataset of 77 LFP/Gr cells. The error
values of the dummy regressor without any features serve as a

baseline. The values in parentheses are the standard deviations.

hand, the prediction model with the variance of AQioo-10(V) (capacity
gap between the voltage profiles at the 100" and 10" cycles), the
descriptor reported by Severson et al., achieved a test error of 15.6%
for our dataset.?* Thus, it produced a significantly smaller prediction
error than the dummy regressor, but larger than the one based on the
Peakss intensity. From a practical viewpoint, our method based on the
Peakss intensity is attractive as it requires only the voltage profile in
the first cycle. Apparently, the change in the Peaks: intensity over
cycling allows the heterogeneity of the Gr anode and thus the cell

degradation to be monitored.
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Figure 2. 18 Comparison of RMSE wvalues during 1000 iterations
between the dummy regressor and (A) Peakss intensity, (B) Peaksy

intensity, (C) 1% /R, (D) 1°* @, and (E) Var (AQioo-10(V)).
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Figure 2. 19 Correlation of cycle life with (A) Peakss intensity, (B)
1V IR, (C) 1* @, and (D) Var (AQioo-10(V)).

2.2.4. Peakss as a tool of cell inspection

The ability to accurately inspect individual cells can be most

useful

for

building a high—performance module

that entails

integrating cells. The quality of as—manufactured cells could be

assessed based on various parameters such as the Peakss intensity,

OCV drop, capacity, internal resistance (/R), etc. (Figure 2. 20), of

which the Peakss intensity would be the most powerful as it directly

relates to the heterogeneity of the reaction involving Li ions. The
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Figure 2. 20 Peakss—based diagnosis for module assembly. Using
Peakss for the high—quality inspection of as—manufactured cells for

the assembly of cells into a module.

Peakso—based inspection allows as—manufactured cells to be
classified into normal (healthy) and faulty ones with respect to their
expected lifespan based on the proven correlation between the two
parameters from a statistically reliable number of cells. The proposed
inspection process therefore enables faulty cells to be screened out.
As the performance of a module is determined by the performance of
its constituent cells, it is critically important to assemble a collection
of cells with consistent performance. Faulty cells decay more rapidly
and reach the charging cut—off voltage earlier, thereby limiting the
capacity of the entire module in each cycle. The exclusion of
underperforming cells would largely eliminate cell—to—cell variation
in the module to prevent the cycling performance of the module from
deteriorating. The problem caused by faulty cells is usually overcome

by incorporating a balancing algorithm in battery mgj}%geﬁlem” ,Lﬂ T
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systems (BMSs), but this BMS—based remedy obviously has limited
ability to restore the imbalance once faulty cells are included in the
module.** *° The capability to identify faulty cells at the as—
manufactured stage addresses this shortcoming and would be
beneficial for quality control prior to module assembly.

To prove this capability, we experimentally evaluated the effect
of the cycle life of cells on that of the entire module. The
aforementioned 77 cells were classified into three groups based on
the Peakss intensity (Figure 2. 21A): low (0.18 ~ 0.20), middle (0.20
~ 0.22), and high (0.22 ~ 0.24). This grouping provides a useful
correlation with the cycle life. We constructed 5 modules comprising
6 cells each, with each module consisting of cells selected for their
particular properties with respect to the different parameters of
interest (Figure 2. 21B); module 1: low Peaksz, module 2: middle
Peakss, module 3: high Peakss, module 4: controlled 1% cycle capacity
(1** @), and module 5: controlled 1% cycle /R. Apart from modules
1-3, the properties of the cells included in modules 4 and 5,
respectively, were such that either 1* @ or 1* /R is similar to that of
module 2 but the value of Peakss spans the entire range of low, middle,
and high values of the Peaksy intensity. This arrangement enabled us
to verify the univariate effect of Peaksz as a sorting factor by
excluding the effect of 1°" Q or 1% /R. Our approach is based on the
rationale that modules consisting of cells with controlled properties
in terms of these parameters would be able to offer more stable cell
balancing and therefore more sustainable cyclability. The actual

values of the individual cells in these modules are plotted in Figure 2.
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Figure 2. 21 Module construction according to cell classification
based on the Peakss intensity. (A) Box plots of cycle life vs. Peakss
intensity for three different groups of cells classified by the Peakss
intensity. (B) Construction of five different modules consisting of six
cells based on different standards (peaksg intensity, 1° /R, and 1*" Q).

(C) Cycling performance of different modules constructed as in (B).

22 and listed in Table 2. 2.

Tests of the cycle life of these modules indicated that the overall
trend followed that of the Peaks: intensity of individual cells fairly
well (Figure 2. 21C). The cycle life decreased in the sequence:
module 3 (high Peaksz), module 2 (middle Peaksz), module 4
(controlled 1 @), module 5 (controlled 1* /R), and module 1 (low
Peaks2). Remarkably, the cycle life of modules 4 and 5 was inferior

to that of module 2 even though their average Peakss intensLEiies'}?Ehﬂ_g” -;fl]r T]-'
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their average expected cycle life, were almost the same as that of
module 2, which reconfirms the importance of consistent
performance of individual cells in a module. In addition, the deviation
in the capacity decay of individual cells after cycling (until reaching
SOH70) was more significant for modules 4 and 5 compared to
modules 1-3 (Figure 2. 23). This is closely linked to the fact that the
difference in the heterogeneity of the cells within a module widens
the range of degradation among the cells during cycling. Moreover,
more extensive deviation triggers the shortening of the cycle life of
the corresponding module because the performance of a module is

mostly limited by the worst performing cells. The more alarming
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Figure 2. 22 (A) Capacity distributions of six cells in each module
group classified based on similar capacity (orange) and middle Peaks»

(purple). (B) IR distributions of six cells in each module group

classified based on similar /R (green) and middle Peakss (pufple). 1i| &1
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middle Peakss controlled 1% @ controlled 1% IR

%gg;‘%- 0.987 0.987 -
é(')AS}tS' 0.0102 0.0105 -
[fig\gg. 0.162 0.162
[fgét)d. 0.0051 0.0049

Table 2. 2 Average and standard deviation of capacity and /R for the
cells selected for the middle Peakss, similar 1% /R, and similar 1" &

modules.

reality is that the imbalance of cells in a module induces
over(dis)charging of those cells with lower capacities, which is
known to increase the possibility of fire.?® To summarize, the
quantitative classification of as—manufactured cells based on the
reaction heterogeneity represents a remarkable benefit for
warranting the performance quality of cells as well as that of the

modules composed of the given cells.
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Figure 2. 23 (A) Deviation of Peaks: intensity vs. deviation of

capacity decay of individual cells in different modules. (B) Box plots

for capacity decay of individual cells in different modules. ,’x—-'g 2_ 1]
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2.3 Conclusion

An unparalleled number of battery cells will be loaded on EVs as
we enter the era of mobility transition. The accurate diagnosis of as—
manufactured cells would therefore undoubtedly be a useful
technology to warrant reliable battery operation to customers. Based
on the rationale that cell diagnosis should capture the key features of
the charge—discharge reaction in a cell, we focused on the lithiation
heterogeneity of the Gr anode, because cell degradation is usually
accompanied by the progression of spatially heterogeneous reactions.
In this study, the Peakss intensity was identified as the descriptor
that reflects the lithiation heterogeneity of the Gr anode. The
heterogeneity of the Gr anode is well correlated with the cycle life of
LFP/Gr commercial cells with high statistical reliability and can
therefore be used to predict the lifetime of random individual cells.
Based on the given logic, the Peakss analysis can be used to identify
and remove faulty cells at the as—manufacturing stage. We foresee
the possibility of embedding various chemical descriptors that reflect
the cell state from (electro) chemical viewpoints, including the Peaks»

intensity, in diagnostic algorithms to advance BMSs.

2.4 Experimental procedures

Cycling of cells and modules

The dataset related to battery cycling was generated from 77

commercial LFP/Gr cells (IFR18500, China). The cells shave’ thel| &
E — =
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nominal capacity of 1 Ah and the nominal voltage of 3.2 V. All the
cells were cycled with an identical cycling protocol (1C, 2.5-3.9 V)
using a battery cycler (WBCS 3000, WonATech, South Korea) in a
chamber (IL—11, JEIO TECH, South Korea) at 25 °C. Every cell was
subjected to the reference performance test (RPT) every 100 cycles.
The RPT test started with three consecutive cycles at 0.2C (0.2 A)
to evaluate the capacity, followed by DVA and DCIR measurements.
For the DCIR test, the voltage was raised to 3.35 V (=SOC50) at
0.2C. Then, the pulse series of 0.1C, 0.5C, and 1C charge —discharge
were applied for 10 s in width with 10 min intervals. To assess the
aging, each cell was cycled at 1C (1 A) in the range of 2.5 V to 3.9
V, and the capacity was checked at 0.2C every 100 cycles. The cycle
life was referred to as the number of cycles required to reach SOHRO,
which was estimated by polynomial regression using the capacity
measured every 100 cycles. The modules were cycled by connecting
6 cells in parallel by nickel plate welding. The modules were
galvanostatically cycled at 1C (6 A) with a capacity check at 0.2C
(1.2 A) every 100 cycles. The cycle life of the modules was defined
and analyzed in the same manner as that of the cells.
Testing various parameters as descriptors of capacity decay

All parameters except for AQioo-10(V) were evaluated from the
initial three cycles in the first RPT protocol before cycling. The
parameters (Peakss and Peakss intensity) related to the dV d@™
profile used the data in the third cycle of the first RPT. The APeakss
intensity corresponds to the difference between the ridge near 0.6
Ah and the valley near 0.4 Ah in the transition to stage II. The Peaks»

b - .
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intensity i1s the absolute value at the ridge. The APeakss intensity
corresponds to the difference between the ridge near 0.1 Ah and the
valley near 0.15 Ah in stage IV. The 1% DCIR was extracted from the
DCIR test in the first RPT. In the DCIR test, (dis)charging pulses of
0.1C, 0.5C, and 1C were applied, and the current—voltage plot was
drawn, where the slope corresponded to the resistance. The 1% Qis
the discharge capacity of the third cycle in the first RPT. The
variance of AQioo-10(V) is the variance of the capacity difference
between the 10™ and 100™ cycles in the voltage vs. discharge
capacity curve.?*
Characterization

The vertical— and cross—sectional images of the cylindrical cells
were obtained using high—resolution 3D XRM (Xradia 620 Versa,
Carl Zeiss, USA). The MCC method was used to evaluate
roundness.” The center was determined by the smallest
circumscribed circle which passes through protruding points of the
original profile. Then, the inscribed circle was drawn based on the
center of the minimum circumscribed circle. The out—of—roundness
is the difference between the radius of the inscribed and
circumscribed circles. The by—products on the surface of Gr anodes
before and after cycling were analyzed by depth profiling with TOF—
SIMS (TOF.SIMS 5, ION—-TOF, Germany) using negative polarity.
The primary source was Bis" with 30 keV and 0.7 pA, and the etching
source was Cs' with 500 eV and 40 nA. The analysis and etching
areas were sized 100 x 100 um? and 300 x 300 um? respectively.

The XRM and TOF—SIMS analyses were performed at the National
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Center for Inter—university Research Facilities (NCIRF) of Seoul
National University (SNU). The surface of Gr anodes before and
after cycling was visualized by using a field—emission scanning
electron microscope (SUPRA 55VP, Carl Zeiss, Germany) at the
National Instrumentation Center for Environmental Management
(NICEM) of SNU.
Statistical analysis and lifetime prediction model

The mean and standard deviation of each variable for the dataset
of 77 LFP/Gr cells are listed in Table 2. 3. p was used to describe the
degree and direction of linearity between the two variables. |p| > 0.8
was usually considered to have a strong correlation.®” p is statistically
significant when both variables follow a normal distribution.*® Box—
and—whisker plots (Figure 2. 21A) were drawn to present the cycle
life of the groups divided based on the Peaks: intensity. The
interquartile range (IQR) in the box plots was from the 25™ percentile

to 75" percentile with the median as the dashed horizontal line. The

Variables Mean Std.

Cycle life 295.4 92.0

Peaks: intensity (V Ah™') 0.211 0.014
Peakss intensity (V Ah™') 0.310 0.033
1 DCIR (2) 0.169 0.010

1% capacity (Ah) 0.989 0.008
Var (4 Qioo-10(V)) 0.0005 0.0003

Table 2. 3 Mean and standard deviations of each variable for the

dataset of 77 LFP/Gr cells. 1] &
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length of the whisker was defined as 1.5 times the IQR.

K—fold cross—validation was employed for calculating prediction
errors to avoid data overfitting and create a generalized model.*”
Before the cross—validation, 20% of the dataset was split and used
as the test set. A = 5 was used for all univariate models, which means
that the remaining data was equally divided into 5 parts, of which 4
subsets became the training set and the remaining subset became the
validation set. Then, the model was trained using the training set and
the model performance was verified by the validation set.
Considering that all the subsets could be a wvalidation set, the
performance of the model for processing the training set was
calculated as the average of all cases. Finally, the performance of the
model on the test set was calculated. All the above processes were
performed for 1000 random dataset splits using shuffling.

Ridge regression was used as a univariate linear regression
model to minimize overfitting through regularization.'® The formula

IS :

n D 2 D
. . 2
ﬂridge P argmin Z (y1~ —By— ZﬁjXU) + iZﬁj
=1 =1 =1

where f is a coefficient of the model, nis the number of samples,
x 1s a feature vector of the model, p is the number of features and A
is a regularization parameter. By optimizing 4, a linear regression
model with balanced bias and variance could be obtained. At each
iteration of the cross—validation, the optimal 4 was found using

GridsearchCV.

-]

The performance of the model was evaluated using t}hj RMSE .,
L, - 11
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and MAPE. RMSE is intuitive because it maintains units of the data
and MAPE is convenient to compare various types of data because it

uses ratio values. The formulas are:

1 n
RMSE = |- Z (y,—5)°
=1

1 n
MAPE (%) = 100 x — Z "

=1

Vi —?1-‘

where nis the number of samples, yis the observed value, and y
is the predicted value.
Data analysis and machine learning modeling were processed in

Python with the Pandas, NumPy, and scikit—learn packages.
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3. Entropymetry for detecting micro—cracks in

high—nickel layered oxide cathodes

3.1. Introduction

As electric vehicles (EVs) are increasingly finding their way into
our everyday lives, the demand for monitoring the battery state with
focus on safety and performance has strengthened.!™ Even if a
battery cell is manufactured without defects, it tends to degrade with
cycling and time. More challenging is that the degradation behavior is
difficult to predict because the available parameters (i.e., the current,
voltage, capacity, and temperature) and combinations thereof do not
accurately reflect the state of the cell. For example, cells that
repeatedly undergo fast charging or are exposed to high temperature
usually exhibit shorter lifetimes," ° but it is nontrivial to forecast
when and how the capacity decay starts and evolves. Thus, from the
outside, it is difficult to diagnose the health and safety of a cell and
this is the very limitation of current battery management systems
(BMSs).? By contrast, examination of the interior of a cell at the
material level is a well—known approach to identify the degradation
mechanism. For example, high—nickel (Ni) layered cathode materials,
the most popular family of cathode materials for EV applications, are
known to degrade by parasitic side reactions on their surface
involving transition metal (TM) dissolution in conjunction with Li—Ni
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degradation states of these materials and interfaces in a non-—
destructive manner are presently unavailable.

The aforementioned degradation of layered oxide cathodes
engages in the structural destruction. The details of crystallographic
changes during such destruction have been studied in detail using
diverse analytical tools including X—ray diffraction (XRD) and
transmission electron microscopy (TEM).°”® However, these
methods are destructive; cycling needs to be terminated to allow the
cell to be opened. Therefore, the development of non—destructive
ways for analyzing the structure of layered cathode materials during
cycling 1s desirable. Along this direction, entropy could be an
appropriate parameter because it relates to the crystallographic
ordering of the given layered oxide structure.” 1

Entropy is the state function associated with the degree of
randomness of a system.'' With respect to inorganic materials, the
entropy represents the disordering of atoms in the corresponding
crystal lattice. Thus, the arrangement of Li ions in the layered host
structure could be correlated to the entropy in such a way that
configurational entropy refers to the number of possible
arrangements of Li ion occupancies and vacancies in the lattice
structure.'® ' In this regard, Boltzmann’s entropy is described by the

following formula:

S=kyInW (3—1)

where kg 1s the Boltzmann constant and W is the number of

possible microstates. In the case of the layered cathode n;g_fp@?:]t 1W|| =] 5T
1= - 1
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corresponds to the number of arrangements of Li ion occupancies and
vacancies.

Applying this logic, if the entropy change (AS) of a layered
cathode material could be measured during cycling, the structural
change responsible for inducing performance degradation could be
non—destructively monitored. For a battery cell, AS could be
assessed by measuring the change in the open—circuit voltage (OCV)
with respect to the temperature change based on the following series
of equations. The derivation of AS starts with the following relation

involving the Gibbs free energy (U(%):

AG(x) = — nFE(x) (3—2)

where n is the charge number of the carrier ion (n=1 for the Li
ion), F'is the Faraday constant, and £ is the OCV. The Gibbs free
energy and OCV are both functions of x, the stoichiometry of the Li
ion in the formula of the cathode material. The free energy relates to

the enthalpy change (AZ) and entropy change (AS):

AG(x) = AH(x) — TAS(x) (3—3)

Combining equations (2) and (3) yields the following relation
between the entropy change and OCV:

dT

AS(x) = F(

This equation indicates that AS can be obtained by measuring the

OCV upon sweeping the temperatures at each state of Charrgj (SO0 _,
A A T | B
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of the cell."*71°

The usefulness of entropymetry was demonstrated for LiCoO2
by monitoring the structural configuration at different SOCs over
cycling, and the effect of adding Ni as a dopant was elucidated in the
same context.” In the present work, we further expand the territory
of entropymetry to cover popular high—Ni layered cathode materials,
particularly focusing on their structural destruction as represented
by the formation of micro—cracks. The family of high—Ni layered
cathodes has played a pivotal role in increasing the energy density of
a cell and thus extending the mileage of EVs.!” '® However, the high
Ni content leads to anisotropic elongation along the c—axis,® which
creates micro—cracks. The formation of these cracks has a fatal
effect on the cycle life because the electrolyte can penetrate the
cracks and trigger side reactions that increase the interfacial
resistance.'” Importantly, the formation of these cracks and the
resulting structural heterogeneity would change AS,?* 2! indicating
that entropymetry could be an appropriate non—destructive tool to
monitor the formation of cracks in high—Ni cathode materials and
therefore assess the health of the corresponding cell. By employing
various cycling conditions as well as /in—situ XRD, we indeed verify
that entropymetry can mirror the structural degradation of high—

nickel layered oxide cathodes.
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3.2. Result and discussion

3.2.1. Interpretation of AS profiles

Among the family of high—Ni layered cathodes, we evaluated
LiNip8C00.1Mng.102 (NCM811) of which the Ni—content is sufficiently
large to induce micro—cracks.® We first note that the entropy change
experienced by layered cathode materials is mainly related to
configurational entropy rather than vibrational or electronic entropy.
This is in accordance with Fultz and Yazami’s earlier report that the
vibrational and electronic entropy contribute insubstantially during
the operation of LiC0o02.?2 Figure 3. 1A shows the AS and d@Q d V!
profiles of precycled NCM811 as a function of the OCV while charging
during its first cycle. Interestingly, in the regions shaded pale green
where the d@ d V! profile exhibits peaks, the AS profile declines
monotonically with a slope reversal in between the shaded colored
regions. This correlation seems reasonable because the peaks of the
dQ d V! profile usually are associated with electrochemical reactions
accompanied by structural changes that alter the lattice
arrangements significantly.23

To understand the profile shape by particularly focusing on the
region demarcated by the orange box in Figure 3. 1A, three different
S profiles were simulated with respect to the energy state (Figure 3.
1B): no separation (black), mild separation (green), and discrete

separation (grey). The “no separation” behavior corresponds to the

monotonic Li (de)intercalation in the absence of drasti(% .,enE{opy.
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Figure 3. 1 (A) AS (black) and dQ dI/'' (blue) profiles of NCM811
along the open circuit voltage (OCV) landscape. (B) Schematic
diagrams of entropy (S) and entropy change (AS) with different

degrees of energy state separation in the OCV landscape.

change, whereas the two split convex profiles (mild and discrete
separations) indicate the presence of a restricted phase at the mid—
point, dividing the S landscape into front and rear parts.'® ™ 2* The
degree of separation between the two states depends on the extent
to which the mid—phase condition is restricted. For example, if the
mid—phase is completely restricted (Smia = 0), the front and rear

states are discretely separated (see “discrete separataionf’/(iﬂu ﬁéuﬂ§]| '-:-'-lr' 1_].'
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3. 1B). Each Li site has its own energy state at which a Li ion can be
(de)intercalated, and the energy of this site is determined based on
the lattice environment offered by the host structure. In this regard,
each peak on the dQ d V! profile (blue curve in Figure 3. 1A) can be
considered to be the potential at which Li ions are stored at sites with
the equivalent energy states. Because the profile of S typically
becomes convex when Li ions fill sites of the equivalent energy state,
the apex of the convex profile of S corresponds with each peak on
the dQ d V! profile. In this way, the two pale green regions in Figure
3. 1B represent two different energy states, which manifest
themselves as independent convex parabolas on the S profile. These
two convex parabolas are then converted into two separate
monotonically declining curves on the AS profile. At the same time,
the mid—point between the two parabolas in the S profile translates
into a slope reversal around the mid—point of the AS profile. Thus,
the slope reversal on the AS profile, in turn, can be correlated with
the presence of a restricted phase in the S landscape. Moreover, the
more entropically restricted the mid—phase is, the steeper the
reversed slope becomes near the mid—point (grey curve in Figure 3.
1B). With this logic, the relatively gentle slope reversal in the middle
region in Figure 3. 1A (red arrow in the orange box) indicates mild
separation with respect to S. In addition, we calculated the AS profile
of NCM811 along the SOC by assuming that each peak on the d@Qd /!
profile corresponds to an equivalent energy state of Li sites (see
details in Figure 3. 2). The calculated AS profile corresponds well

with the measured AS profile, which validates our reasoning above.
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This interpretation of AS in relation to changes in the cathode

structure is well aligned with that of previous studies on LiMnzO4.!
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Figure 3. 2 (A) Comparison of calculated and measured AS of

NCMS811 as a function of the voltage. (B) Peak deconvolution of the

d@Q d V! plot recorded during charging, which was used to calculate

AS. Supposing that each peak represents Li sites with equivalent

energy, AS can be calculated by following equation 3—6.

Entropy of mixing = — R (x7lnx; + x3lnxy) (3—5)

x; = The mole fraction of component 7

AS=_R d[Z;clzl{PLilx(V)*lnPLiIx(Z‘)/“'PVaclx(V)*lnPVaclx(V)}] (3 _6)

B« (V)= Possibility of the vacancies being occupied with Li ions

with the equivalent energy (x) at the corresponding voltage

Integrated area to the corresponding voltage (V) in the peak with the equivalent energy (x)

Total integrated area of the peak with the equivalent energy (x)
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Pyacx (V) = Possibility of the vacancies being unoccupied with Li
ions with the equivalent energy (x) at the corresponding voltage
=1_

Integrated area to the corresponding voltage (1) in the peak with the equivalent energy (x)

Total integrated area of the peak with the equivalent energy (x)

3.2.2. Structural changes of NCM811 along with the

SOC

We conducted in—situ XRD analysis to observe the structural
change of NCM811 during charging with the aim of correlating these
changes with its entropy change. Figure 3. 3A shows the evolution of
in—situ XRD peaks corresponding to the c—lattice (003) and a—
lattice (110) during charging.® The changes in these lattice
parameters were calculated from the XRD results and are presented
in the upper part of Figure 3. 3B. The c—lattice parameter increases
gradually as the potential scans to around 4 V, but decreases abruptly
at around 4.2 V. By contrast, the a—lattice parameter decreases
continuously in the same potential range. When charging commences,
the distance between the oxygen layers increases as Li ions are
extracted because of the diminished screening effect of Li ions. As
charging progresses, however, the negative charges on the oxygen
atoms decrease because the TM 3d and O 2p orbitals overlap to a
certain extent, thereby lowering the interslab repulsion and causing
the oxygen layers to collapse at high SOC levels.?® Apart from the

changes in the lattice parameters, peak broadening alsq:xgrc_)-si:ide;sli Z
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information related to the crystalline size and microstrain of the

1.2

material.”” The broadening of the (003) peak also changes drastically

near 4.2 V and this is discussed in detail in the following section.

In fact, the lattice parameters of most Ni—rich NCM layered
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Figure 3. 3 (A) Evolution of the in—situ XRD profiles around the

(003) and (110) peaks during the first charging of NCM811 after

precycling. The red profiles were obtained at the voltages noted on

the left. (B) Changes (top) in the ¢— and a—lattice parameters along

with the OCV and their derivatives (bottom). D represents d—
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cathodes undergo similar changes;® ?° particularly, with increasing
nickel content (notably > 0.8), the H2 — H3 phase transition occurs
more dominantly near 4.2 V and the corresponding decrease in the
intensity of the c—lattice peak becomes more prominent,?’
introducing local strain at the grain boundaries.?” Notably, the scale
of the c—lattice change (~ 0.6 A) is much larger than that of the a—
lattice (~ 0.06 A), as is evident from the differential d—spacing
curves with respect to the voltage (dDd V', D= d—spacing) in Figure
3. 3B. Therefore, consistent with the literature,'® 26 28 29 the
anisotropic expansion/contraction near 4.2 V and the resulting abrupt
change in the c¢—lattice parameter must be the main culprit

responsible for the formation of cracks between and within Ni—rich

NCM particles.

3.2.3. Structural heterogeneity by micro—crack

formation

Figure 3. 4A-C shows cross—sectional images of secondary
particles of the NCM811 cathode at different cycling states. Here,
the precycle refers to the state after two formation cycles, whereas
the other two images show the cathode after 100 cycles at 60 °C with
upper cut—off potentials of 4.1 V and 4.3 V, respectively. The cycling
performance and voltage profiles of these different conditions are
presented in Figure 3. 5. After the precycle, the particle did not

appear to contain any micro—cracks at all (Figure 3. 4) whereas after
-

-":lx_! " 'T. - 1_..
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Figure 3. 4 Cross—sectional SEM images of NCM811 particles (A)

after precycle and at 101" cycle at 60 ° C with upper cut—off of (B)

4.1 V and (C) 4.3 V. The scale of the white bar is 5 ¢ m. Magnified

m—situ XRD profiles near (003) peaks at OCVs of (D) 4.15 V, (E)
4.2V, and (F) 4.25 V.

100 cycles with upper cut—off voltages of 4.1 V and 4.3 V, the

particles displayed cracks of various magnitudes (Figure 3. 4B and 3.

4C). A comparison of the two particles after 100 cycles revealed that

crack formation at the microscale was more severe when the cathode

was charged to 4.3 V (Figure 3. 4C), reconfirming that cracks are

dominantly formed at higher voltages.?% 3!
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Figure 3. 5 Voltage profiles at the 2" and 100" cycles for NCM811

half—cells with cut—off voltages of (A) 4.1 V and (B) 4.3 V with
1C/1C (charge/discharge) at 60 °C.

For high—Ni NCM cathodes, heterogenous lithiation is a well—
accepted phenomenon as lithiation takes place throughout many
primary particles with different sizes and levels of contact with the
electrolyte. Doeff et al.? confirmed the occurrence of heterogenous
lithiation in polycrystalline cathode materials by observing the
distribution of the oxidation states of Ni in a secondary particle using
X—ray absorption near—edge structure (XANES) analysis to create
a 2D map. In contrast to the intuition that heterogenous lithiation in a
secondary particle could occur mainly because of the Kkinetic
limitation of Li ion diffusion through the secondary particle, the
heterogenous SOC in a secondary particle remains even after an
extended period of rest. Chueh et al. explained that the heterogenous
SOC across primary particles (even after a long rest) could arise to
relieve the heterogeneous stress field among the primary particles in

a polycrystalline secondary particle.?! In the same context, Liu et al.
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revealed the occurrence of inhomogeneities between the surface and
bulk with respect to the oxidation state during cycling. In particular,
high—voltage operation is known to play a role in inducing local
disorder and strain from which micro—cracks evolve.?’

Within a primary particle, intragranular cracks could also be
generated in relation to heterogeneous (de)lithiation along the c—
lattice.®> These intragranular cracks can be triggered by the
formation of dislocations or transition to the rock salt phase, both of
which give rise to tensile stress and consequently uneven
(de)intercalation of Li ions. A crack usually evolves from the
premature stage to the more discrete, permanent stage as tensile
stress is accumulated, and it also tends to propagate through a
granule.® ** Scanning transmission electron microscopy (STEM) and
electron energy loss spectroscopy (EELS) analyses portray a
consistent scenario with regard to microstructural evolution (Figure
3. 6). Upon scanning from the bulk region to an intragranular crack

(white arrow in Figure 3. 6A), the oxidation state of Ni decreases

bulk
. ~_ Ni L-edge
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Figure 3. 6 (A) STEM image and (B) EELS analysis of NCM811
particles after 100 cycles at 60 °C with upper cut—off of 4.3 V. EELS
d al the direction indicated by the whit int{A-1] =1L
was scanned along the direction indicated by the w 1. eiarr%wi 1_#_7_ tﬂ ﬁ'! ‘!—l‘r_
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(Figure 3. 6B), which is indicative of the formation of the rock salt
phase in the vicinity of the crack. Hence, an intragranular phase
transition constitutes evidence of the atomic heterogeneity of a
cycled NCM811 particle involving crack formation.®

Figure 3. 4D-F show the magnified in—situ XRD peaks of
NCMS811 after the precycle and at the 101" cycle at 60 °C with upper
cut—off potentials of 4.1 V and 4.3 V, respectively. The reason for
focusing on the profiles when the potential passed through 4.2 V in
each case 1s the drastic phase transition known to occur around this
potential. Peak broadening or separation at 4.2 V could occur via the
following mechanisms. First, the NCM family undergoes an H2 — H3
phase transition at ~4.2 V although the degree of the phase transition
is known to vary depending on the Ni content.® Second, multiple peaks
could appear in reflection of a heterogenous SOC within a secondary
particle.* In these particles, rapid and anisotropic contraction of
randomly oriented primary particles also causes the strain and extent
of lithiation to vary.?! In this manner, the formation of intra— and
intergranular cracks would accelerate heterogenous (de)lithiation
accompanied with peak broadening around ~4.2 V during charging.
Doeff and Liu et al.?® also reported that cracks hinder the facile
diffusion of Li ions into particles such that the local difference in ionic
diffusivity among primary particles causes different SOCs in a
secondary particle.

The peak broadening was evaluated quantitatively by measuring
the integral breadth, defined as the integral area of the peaks over

the intensity of the highest peak, at OCVs of 4.15, 4.2, and 4.25 V to
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compare the peak broadening for different cycling conditions during
charging. For the precycled electrode, the (003) peak shifts to a
higher 2—theta value without peak separation (Figure 3. 4D), which
means that the phase separation between H2 and H3 is impeded.*® *7
Nonetheless, owing to the presence of the energy barrier between
the two phases, the integral breadth slightly increases at 4.2 V (the
potential at which the H2 — H3 phase transition is known to occur),
as compared to that at 4.15 V and 4.25 V. However, the cycled
NCMRE11 electrodes showed peak separations and broader peaks at
4.2 V (Figure 3. 4E and 3. 4F). Between the two different cutoff
conditions, the electrode with the cut—off of 4.3 V had broader peaks
(Figure 3. 4F) than that with the cut—off of 4.1 V (Figure 3. 4E).
This observation can be understood in a way that the phase
separation between HZ2 and H3 becomes more significant during
cycling with the higher cutoff voltage in the microscopic environment
in which crack formation accelerates uneven (de)lithiation along the
c—lattice layers. Additionally, intergranular cracks themselves give
rise to a heterogenous SOC between primary particles. In the same
vein, the degree of shift with respect to the ¢—lattice parameter from
4.15V to 4.25 V increases from Figure 3. 4D to Figure 3. 4F: 0.36 A
after the precycle, 0.45 A after 100 cycles with a cut—off of 4.1 V,
and 0.52 A after 100 cycles with a cut—off of 4.3 V. These results
imply that the broader distribution of d—spacing of the c—lattice
layers directly stems from the layers splitting into lithiated and
delithiated ones, which results in the emergence of dual XRD peaks

for the (003) plane. Overall, the micro—cracks would affect the
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lithiation heterogeneity throughout all the particles, and this property
can be captured by measuring the peak broadening using /n—situ XRD

at ~4.2 V.

3.2.4. Detection of micro—cracks from AS profiles

Figure 3. 7 displays the cycling performance of four cells
operated for different cycling periods or under different conditions:
50 or 100 cycles at 60 °C with cut—off potentials of 4.1 or 4.3 V.
These series of data verify that the cyclability of NCM811 is highly
sensitive to the cut—off voltage when cycled at high temperature. To
correlate the cycling performance with the degree of crack formation,
we plotted the integral breadths for these cells after 50 or 100 cycles
(Figure 3. 7). The integral breadths of all the cells remain in the

narrow range when the operating potential is below 4.1 V. However,
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Figure 3. 7 Cycling performance of four NCM811 cells for 50 or 100

cycles at 60 ° C with cut—off potentials of 4.1 or 4.3V, res{pgctixgely_lg =]
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the integral breadth profiles increased rapidly around 4.2 V for all of
the cells, but they increased distinctly with that of the cell operated
for 100 cycles with a cut—off of 4.3 V having increased most
significantly. In the same line as the aforementioned description, the

increase in the integral breadth is attributed to the H2 — H3 phase
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Figure 3. 8 (A) Changes in the integral breadth (integrated

intensity/maximum intensity of the highest peak) based on analyses

of the /n—situ XRD peaks. (B) Entropy changes vs. OCV. The error

bars at 4.2 V correspond to the range of minimum and maximum

values obtained from four different cells measured under the same

conditions. 21
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transition. The increase 1s thus associated with heterogenous
lithiation induced by micro—cracks, suggesting that the cell with a
cut—off of 4.3 V experienced crack formation most considerably for
100 cycles. Importantly, the changing trend observed for the integral
breadth profiles bears a remarkable resemblance to that of the AS
profiles (Figure 3. 8), particularly near 4.2 V. The cell operated for
100 cycles with a cut—off of 4.3 V exhibited the greatest decrease in
AS. This correlation between the integral breadth and AS can be

understood on the basis of the rationale that heterogeneous lithiation
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over different particles to broaden the (003) peak is directly linked
to the behavior of AS as the heterogeneity represents the complexity
in the atomic configuration in the lattice. Specifically, as the
microstructures of particles become heterogeneous, the number of
available microstates at the given SOC decreases, with the result that
AS 1s lowered accordingly. The AS measurements were quite
reproducible over multiple cells for identical cycling conditions
(Figure 3. 9). The lattice distortion accompanying the phase
transition above 4.2 V hinders Li diffusion between primary particles,
which further accelerates the heterogenous (de)lithiation. The rapid
decline in the Li ion diffusivity above 4.2 V was confirmed by
analyses using the galvanostatic intermittent titration technique
(GITT) (Figure 3. 10).%®

As depicted in Figure 3. 11, the energy states of the Li sites are

more or less equivalent in the original state as the local lattice
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Figure 3. 10 Relative diffusivity vs. SOC for NCM&811 cathode as
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Figure 3. 11 Schematic comparison between homogeneous and
heterogeneous lithiation of an NCM811 particle before and after
degradation. As the number of micro—cracks and extent of surface
degradation increase, heterogeneous lithiation preferably occurs,

which causes the configurational entropy to decrease.

environments of the Li sites are largely identical. However, the
formation of cracks perturbs the original uniform energy states of the
Li sites such that, at a given SOC, the number of possible microstates
decreases; that is, the configurational entropy is lowered. Projecting
the impact of the local lattice environment on individual Li ions in the
process of diffusion, those Li ions in the original state have equivalent
energy barriers for diffusion to homogeneously lithiate a particle. In
contrast, in the case of a cracked particle, Li ions experience
different energy barriers for diffusion at a given state of charging,
whereupon heterogeneous lithiation is promoted. All in all, as a result
of the increasing formation of cracks, heterogeneous environments
constitute the core of uneven lithiation and could explain why
entropymetry can serve as a tool for detecting cracks in Ni—rich
layered oxide cathodes.
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3.2.5. Generalization across the family of high—Ni

layered oxides

Other than the NCM811 cathodes, entropymetry was applied to
NCM622 and LiNiO: (Figure 3. 12) to see the versatility of this
technique with respect to the detection of crack formation arising

from high—Ni compositions. For this test, half—cells containing both
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Figure 3. 12 Cross—sectional SEM images of (A) NCM622 and (B)
LiNiOg particles after 100 cycles at 60 °C with upper cut—off of 4.3
V. The scale of the white bar is 5 um. (C) Cycling performance of
half—cells with NCM622 and LiNiOz cathodes at 60 °C with cut—off
potential of 4.3 V. (D) Entropy changes along OCV for the NCM622

and LiNiOs cells before and after cycling.
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NCM622 and LiNiOs were cycled at 60 °C with the cut—off potential
of 4.3 V. As displayed in Figure 3. 12C, the capacity of the NCM622
cell gradually decreased for 100 cycles, whereas that of the LiNiOs
cell steeply declined even within 25 cycles. The more severe
capacity fading of the LiNiOs cell is ascribed to the aforementioned
mechanism that, the higher the Ni content of the NCM cathode, the
greater is the amount of shrinkage along the c—axis above 4.1 V.?
This axial strain induces severe crack propagation and a rapid decline
in capacity. An SEM analysis visualized the lesser extent of crack
formation in secondary particles of NCM622 after 100 cycles than
those of LiNiOs after only 25 cycles (Figure 3. 12A and 3. 12B). To
confirm the correlation between the degree of crack formation and
the change in the entropymetry profile, the entropy changes of
NCM622 and LiNiOz were measured before and after cycling.
Precycled LiNiO2 exhibited the signature trough at 4.2 V (the pale
green region in Figure 3. 12D), which downshifted after 25 cycles,
and is consistent with the trend observed for NCM&811 in Figure 3.
8B. By contrast, the change in the entropy of NCM622 after 100
cycles with a cut—off of 4.3 V was far less prominent in the signature
region compared to both LiNiO; after 25 cycles and NCM811 after
100 cycles, indicating that the heterogeneity in its structure was less
advanced. The comparative results between these two cathodes with
their different Ni contents reconfirm that entropymetry is a useful

tool for evaluating the extent to which micro—cracks have developed.
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3.3. Conclusion

In summary, we demonstrated the effectiveness of entropymetry
as a non—destructive analytical tool for diagnosing the formation and
evolution of micro—cracks in high—Ni layered cathodes, which is
closely related to their cycle life. Entropymetry detects micro—
cracks by utilizing the structural heterogeneity as the main parameter
because the formation and propagation of micro—cracks changes the
number of microstates of Li ion occupancy/vacancy and thus the
configurational entropy. We foresee the advancement of BMS
technology by taking into consideration the key chemical reactions in
a cell and the structural changes in the electrodes, and expect
entropymetry to play a critical role in the development of this

technology.
3.4. Experimental procedures

Electrochemical tests

The cathodes were fabricated by first preparing a slurry by
dispersing the active material (NCM622 or 811, LiNiOy),
poly (vinylidene fluoride) (PVDF, Kynar), and super P (TIMCAL) in
N—methyl—pyrrolidone (NMP) with a mass ratio of 83 : 10 : 7. The
slurry was cast on aluminum foil and dried at 70 °C for 12 h under
vacuum. The mass loading of the active material was 1.5 mg cm™2.

Coin cells were prepared in an Ar—filled glove box by assembling

a polypropylene separator (Celgard 2400), the cathodeGvdrking]| &1 T
= =l = -
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electrode), and Li metal foil (counter/reference electrode). Lithium
hexafluorophosphate (LiPFs, 1M) in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (EC : DMC =1 : 1 vol%, PANAX
E—-TEC) was used as the electrolyte. For cycling tests, the
galvanostatic mode was adopted in the potential window of 3.0-4.3 V
vs. Li/Li" using a battery cycler (PEBC05-0.01, PNE solution).
Cycling was carried out in constant current (CC) mode of 1C followed
by constant voltage (CV) mode with a cut—off of 0.5C for charging,
and CC mode of 1C for discharging. Before cycling, every cell
underwent pre—cycling at 0.1C for 2 cycles to form a stable solid
electrolyte interphase (SEI) layer.

Characterization of materials

In—situ XRD patterns were acquired at the Analysis Center for
Research Advancement (KARA) of Korea Advanced Institute of
Science and Technology (KAIST) using an X-ray diffractometer
(R—AXIS IV, Rigaku Corp.) and on beamline 1D of the Pohang
Accelerator Laboratory (PAL) using a MAR345 image plate detector.
A 2032—type coin cell with a 1.5 mm hole at the center was used for
the transmission of X—rays and the hole was sealed with Mylar film
(6 um, PREMIER lab supply) and 4460 adhesive epoxy (Duralco).
The coin cell was scanned at 0.06 C for 30 min and rested for 15 min,
and these steps were repeated for the entire charging period. The
beam exposure time was 5 min in the 15 min—rest step and the beam
source was Cu Ka. The 2D images were converted to diffraction
patterns by using RIGAKU Display. Cross—sectional images of the

electrodes were obtained by field—emission scanning electron
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microscopy and a focused ion beam (FE-SEM/FIB, Helios G4,
Thermo Fisher Scientific). The atomic morphology was visualized by
Cs—corrected scanning transmission electron microscopy (Cs—
STEM, JEM—ARMZ00F, JEOL Ltd). The FE—SEM, FIB, and Cs—
TEM analyses were performed at the National Center for Inter—
university Research Facilities (NCIRF) of Seoul National University.
Entropy measurements

The AS measurements were conducted by remotely controlling the
operation temperature of a cell by using an incubator (IL—11, JEIO
TECH). The voltage and SOC were monitored and adjusted by using
a battery cycler (PEBC05—0.01, PNE solution). To extract AS, the
variation in the OCV was monitored at each SOC while the
temperature was changed. The temperature was first set to 30 °C for
120 min and then lowered to 20 °C for 60 min and again raised to
30 °C. The OCV measurements at the different temperatures were
repeated at the next SOC, which was reached by applying 0.06C for
30 min. The last OCV point during charge was 4.5 V. To ensure
accurate AS measurements, a baseline correction was applied to the
OCV profile; a virtual baseline was created (blue dotted line in Figure
3. 13) by connecting the two OCV points at 2 h and 3.3 h, which
correspond to the exact OCV values measured at 30 °C just before
the temperature was lowered to 20 °C and again immediately after
maintaining the temperature at this level for 60 min. The

reproducibility of this methodology was confirmed by conducting
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measurements on multiple identical cells (Figure 3. 14).
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4. Conclusion

As coming the EV era, knowing the status of cells become
important. Battery 1s based on electrochemical materials,
understanding chemical mechanism is essential. And based on
understanding chemical phenomena, we should quantify chemical
phenomena by using accessible signals such as current, voltage, and
temperature. In this dissertation, I introduced two chemical indicators
that represent the status inside a cell. The first one was the peak
intensity in the DV profile to monitor the heterogeneity of Gr anodes
in a cell in relative to the uniformity of a cell. The images inside cells
by XRM verified that the heterogeneity indicator matched to the
status inside a cell such as arrangement of electrodes or the
roundness of a jellyroll. furthermore, the introduced indicator could
predict the cycle life of cells at the first cycle so that it could be
utilized as inspection and classification tool at the post—
manufacturing stage. And the second one was entropymetry to see
the structural change of Ni—rich oxide cathodes such as microcrack
degradation. It is possible because the entropy represents the
arrangement of Li ions in the host structure of active materials. The
structural deformation by microcracks could be assessed by the
entropy change at ~4.2 V in Ni—rich oxide cathodes, which matched
to the structural change measured by /n—situ XRD. Battery diagnosis
and management are highly important not only to improve the

performance of batteries but also to ensure the safety and reliability

of EVs. critical chemical indicators such as the het@{dg_e{ieiﬁyli &
| y b

80

-

1



indicator and entropymetry could act as tools for inspecting and

managing the batteries.
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