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This study presents a meticulous investigation and characterization of a 64 Ah commercial lithium-ion pouch cell. Notably, an
exhaustive analysis of the cell’s open-circuit voltage and kinetics attributes is conducted, with particular emphasis on the
temperature-dependent dynamics. Subsequently, a teardown experiment is performed, offering an incisive insight into the macro-
geometrical properties underpinning the cell’s architecture. Further details about the microstructural features and formulation
inherent to the cathode and anode are revealed after image processing of the electrodes’ cross sections. The details of cell balancing
and cycling window of the electrodes in the pouch cell are determined and discussed based on the open-circuit-voltage
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Lithium-ion cells with different chemistries, shape formats, and
sizes are used over a broad range of applications from portable
electronics and electric vehicles to grid storage.' In these applica-
tions, the architectural complexity, synergistic interactions among
the different components, and the capacity of the cells are much
larger compared to those of the small coin cells popular in the
research labs. This disparity complicates the direct translation of the
individual components’ properties and performance, obtained from
the experimentation and modeling on the coin cells, to the
commercial cells.

Commercial lithium-ion cells consist of multiple layers of
cathodes, anodes, and separators that are infused with the electrolyte.
These layers can be organized in various arrangements, such as
discrete layers of electrodes placed atop one another with a zigzag
pattern of a continuous roll of separator in between within a pouch
cell enclosure, or the continuous rolls of electrodes and separators
wound into a cylindrical shape.®> A comprehensive understanding of
the internal parameters of the commercial cells and their evolution
during service life enables the design of accurate battery manage-
ment systems and facilitates the recycling and repurposing of the
cells for second life applications. In contrast to the half-cell
investigations, only a limited number of in-depth studies on the
commercial large lithium-ion cells are available in the literature.*>
This gap in research hinders the effective utilization of findings for
modeling, algorithm design, and validation.

Quantitative investigation of the lithium-ion batteries’ perfor-
mance can be facilitated using battery models. Notably, sophisti-
cated physics-centered models such as the Doyle-Fuller-Newman
are being used for more than two decades to emulate the perfor-
mance of lithium-ion batteries under various operational
circumstances.®’ These models are employed to discern the attri-
butes of different components of the cell and to determine the
internal parameters such as kinetics and transport properties of the
electrodes and electrolyte. This is achieved by aligning the model’s
simulation results with measurable battery performance indicators
such as terminal voltage, current, and temperature. The parametriza-
tion of such models is usually facilitated by numerous sensitivity
analyses and parameter estimation techniques rooted in statistical
principles.®'? Noteworthy is the application of the specific electro-
chemical test protocols such as GITT to the half-cells to isolate
certain physics and determine the corresponding parameters.' "'
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Although model parameterization methods have displayed en-
couraging outcomes for lithium-ion batteries, the reports on the
parametrization of the commercial cells are limited in the
literature.'® This particularly hinders the progress in applications
that exhibit heightened sensitivity to the cell parameters such as state
of charge and health estimation.'* In light of these considerations,
the added value of the cell teardown experiments becomes sig-
nificantly valuable to develop accurate models of the full cells. Such
experiments offer the capacity to gain deep quantitative insights into
the (electro)chemical and microstructural details of the individual
components and the important design parameters like stack archi-
tecture and cell balancing.

In this study, a commercial 64 Ah lithium-ion pouch cell is
characterized and dismantled for a comprehensive analysis of the
electrodes and cell design parameters. This battery cell has been
engineered for high energy applications such as waterborne trans-
port. First, the open circuit voltage (OCV), voltage recovery during
the pulse-relaxation test, and the rate capability of the full cell is
measured. Next, the cell is opened and the individual electrodes are
recovered to perform a series of (electro)chemical and microstruc-
tural analyses. Finally, the balancing of the cell is determined by
reconstructing the OCV of the full cell from the individual OCVs of
the cathode and anode electrodes.

Experiments and Methods

In this study, a lithium-ion pouch cell with a nominal capacity of
64 +2.5% Ah is investigated. The cell weighs 1156.2 grams and has
dimensions of approximately 100.2 + 1.5 x 3525 £ 1 x 16.1 =
0.1 mm. The positive and negative terminal tabs are situated on
opposite sides of the pouch cell, along its longest dimension. The
electrochemical characterizations of the pouch cell were performed
using a NEWARE CT-8008-5V60A-NTFA battery cycler. The
pouch cells were cycled at isothermal conditions inside an explo-
sion-proof temperature chamber (Espec-LU114). The pouch cells
were opened inside an Ar-filled glovebox and the electrodes were
recovered for further (electro)chemical investigations. After opening
the cell, 15 mm disk samples were punched from the cathode and
anode electrode sheets. These samples were then thoroughly washed
with dimethyl carbonate (DMC) and left to dry for 24 h. The coating
layers from one side of the electrodes were removed by wiping the
samples with NMP and very fine sandpapers inside the glovebox.
The electrode disks were then taken outside for a thorough drying
process at 110 °C overnight. Once the drying was completed, the
electrodes were transferred back into the glove box for assembly of
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the half-cells with a counter Li electrode. Prior to the assembly, the
weight of the electrodes was carefully measured to calculate the
capacity and C-rate. The standard 2025 coin-cell format was used
with 1 M LiPF6 in EC/EMC as the electrolyte. All cells were tested
using the Bio-Logic BCS-815 cycler. The cells were left at rest for
24 h before the formation cycles, i.e. three (dis)charge cycles at
C/10. The upper and lower cutoff voltage limits were set to 4.3 V
and 3.0V for the cathode half-cell and 2V and 0.005V for the
anode half-cell, respectively. The morphology and elemental ana-
lysis of the electrodes were investigated by a scanning electron
microscope (FEI Quanta 200 F) equipped with energy dispersive
X-ray analysis (EDX).

Results and Discussion

Open-circuit-voltage (OCV).—The OCV and the precise capa-
city of the pouch cell was measured following the approach
proposed by G.L.Plett.'> This protocol consists of five distinct test
scripts conducted at 25 °C:

Script #1. In this step, the cell is brought to its fully discharged
state using a CCCV protocol, i.e. a constant-current (CC) followed
by a constant-voltage (CV) step. The CC discharge is performed at
C/20 and the CV step uses the C/50 current as the stop condition.
The cell is then allowed to rest for at least two hours.

Script #2. This step involves a low rate (C/50) constant current
charge until the upper voltage cutoff is reached (4.2 V).

Script #3. A CV step at the upper voltage cutoff until the current
is lower than C/100, followed by a rest period for at least two hours.

Script #4. This step involves a low rate (C/50) CC discharge until
the lower voltage cutoff is reached (3 V).

Script #5. A CV step at the lower voltage cutoff until the current
is lower than C/100.

The raw data from the OCV measurement (Fig. 1a) needs further
processing to obtain the OCV as a function of the state-of-charge
(SOC) of the cell (Fig. 1b). In summary, the coulomb counting is
used to separately define the SOC coordinates for the charge (script
#2) and discharge (script #4) steps based on the lithiation state of the
anode. This means that at SOC=0, the lithiation states at the anode
and cathode electrodes are minimum and maximum, respectively. In
this regard, the SOC at the end of script #3 and script #1 is 1 and O,
respectively. The cell voltage at the end of script #3 and script #1
differs from the upper and lower voltage cutoff limits (Fig. 1a). This
leads to a missing data issue at the extreme ends of the SOC range (0
and 1). At the proximity of SOC = 0 and SOC = 1 the discharge and
charge OCV tails, respectively, are incomplete (inset Fig. 1b). To
solve this problem, following the work of Plett'> the charge and
discharge OCV curves are fitted with a very smoothed function and
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extrapolated into the missing ranges. Next, the final OCV is obtained
by averaging the charge and discharge OCV voltages (black line in
Fig. 1b). This method is referred to as the “voltage averaging”
method of which more details can be consulted in the works of Plett
and Lu et al.'>'®

Resistance and rate capability.—A pulse-relaxation test was
performed at 15, 25, and 35 °C to investigate the internal resistance
of the pouch cell and its sensitivity to the temperature and SOC
(Fig. 2a). In this test, starting from a fully charged cell, a discharge
CC pulse at 0.2 C is applied for a duration of 10 min and then the
current is interrupted for a sufficient amount of time until the voltage
changes are relatively insignificant. In this test, the voltage recovery
immediately after the current interruption is investigated to estimate
the ohmic and non-ohmic internal resistance of the pouch cell (inset
Fig. 2a). The ohmic resistance is defined based on the instantaneous
relaxation of voltage, i.e., the change of voltage 100 ms after the
current interruption, AV,,;.. The non-ohmic resistance is defined
based on the long-term (100 ms < t < t,) recovery of voltage
(AV,on—onmic) With t, being the time after which the rate of voltage
change is less than 0.1 mV s~ '. The ohmic (R,) and non-ohmic (R,,)
resistances are calculated based on the following equations:

Ru — |AV0hmic| [1]
1
Rno — |AVnonI—ohmic| [2]

where, [ is the current during the pulse period. The R, is higher at
lower SOC:s at all temperatures (Fig. 2b). This might be explained by
the SOC dependence of the electronic conductivity at the cathode.
The identity of the anode and cathode active materials will be later
shown to be graphite and NMC, respectively. It is known that the
electronic conductivity of the NMC family of cathode materials is
lower at higher lithiation states.!” Therefore, at low SOCs of the
pouch cell where the cathode material approaches its fully lithiated
state, the poorer electronic conductivity of the cathode can increase
the ohmic resistance of the cell. The ohmic resistance, however,
displays a substantial correlation with temperature, demonstrating an
escalating trend as the temperature decreases (Fig. 2b). This
observation might stem from the higher ionic conductivity of the
electrolyte at higher temperatures. Such a temperature sensitivity is
expected for the typical carbonate based electrolytes that are widely
used in commercial lithium-ion cells.'"®'® The temperature sensi-
tivity of R, can be used to determine a lumped activation energy
using the following equation
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Figure 1. (a) the unprocessed OCV data of the pouch cell obtained from the OCV test protocol outlined in the text. (b) the processed charge and discharge OCV

data and the average OCV data as a function of SOC.
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Figure 2. (a) pulse-relaxation test performed on a fully charged pouch cell. 0.2 C current pulses were applied for 10 min and then the current was interrupted.
The AVpjumic and AV,,,u—onmic Shown in the inset were used to estimate the ohmic and non-ohmic resistances. (b) The ohmic (R,) and (¢) non-ohmic (R,,)

resistances as function of SOC and temperature. The shaded region in (b) and (c) subplots represent the level of uncertainty associated with the measurements.
The measurements were repeated two times on two identical cells.
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Figure 3. (a) Variation of the ohmic resistance of the pouch cell (R,) with temperature. The R, values corresponding to the same SOC are connected with a line,
(b) the activation energy as a function of SOC for the temperature sensitivity of the R, derived based on Eq. 3.
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Figure 4. The CC discharge profiles of the pouch cell at different C-rates at (a) 15 °C, (c) 25 °C, and (e) 35 °C. The discharge capacity and discharge energy of

the pouch cell as a function of C-rate at (b) 15 °C, (d) 25 °C, and (f) 35 °C.

1 E,
X, Apexp ( RT) [3]
where, Ay is a fitting parameter, R is the gas constant, and E, is the
activation energy. The activation energy has an average value of
14.5 kJ mol~! and is SOC dependent (Fig. 3). This E, value is
similar to those reported for the most common commercial liquid
electrolytes in lithium-ion batteries.'*'* For instance, Logan et al.*°
report an activation energy of 7 kJ mol ' for the ionic conductivity
of the 1mol kg™' LiPFg in ethylene carbonate + ethyl methyl
carbonate (EC:EMC 30:70 (wt%)).

It is noteworthy that the choice of 100 ms as a threshold to
distinguish between the ohmic and non-ohmic contributions to the cell

polarization was mainly governed by the sampling rate limitation of
the battery cycler. The very high sampling rates are ideal to avoid the
interference of lower frequency phenomena such as diffusion with the
ohmic effects. Moreover, the amplitude and duration of the pulse are
adjustable parameters that can impact the obtained resistance values.
As such, an additional comparable pulse-relaxation test at 25 °C was
conducted using a different amplitude of 0.8 C. The ohmic resistance
was computed after a 100 ms pause in the current flow (refer to
Fig. A-2). The resulting ohmic resistance values based on the 0.8 C
pulses fall in the same range as those earlier obtained with 0.2C
pulses (Fig. 2b). This observation indicates that 100 ms is good
enough to capture the ohmic resistance of the cell subject to the
current range and duration of the pulses used in this study. The pulse-
relaxation protocol, however, is not as rich as the electrochemical
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‘Cathode

Figure 5. (a) Few representative snapshots from the teardown process of the pouch cell. The cell was opened near the tab using a ceramic scissor. The
unwrapped cell components are shown in (b) after the cell casing was removed. (c) the separation of the cathode and anode layers. (d) Recovered anode and

cathode sheets next to a 30 cm ruler.

impedance spectroscopy (EIS) where the cell impedance can be
readily recorded as a function of the frequency.

The R,, demonstrates a weak dependence on the temperature
compared to the R, (Fig. 2c). Noteworthy are the strikingly higher
values of R, at SOCs near 0 and 1 which is in line with the previous
reports on similar cell chemistries.”’ The non-ohmic resistance
originates from a combination of various phenomena including the
charge-transfer at electrode/electrolyte interface and charge transport
within the electrolyte as well as the solid-state diffusion of lithium
within the active-material particles of the anode and cathode.’>?
Particularly, the charge-transfer resistance is very sensitive to the

slope of OCV (%) and the SOC of the cathode and anode. In this
regard, the polarization considerably increases at the extreme values
of SOC for the common active-materials such as graphite and NMC
near the completely delithiated and lithiated states, respectively.*
The rate capability of the pouch cell was determined at different
temperatures (Fig. 4). The cell was CC discharged at five C-rates of
0.02C, 0.1C, 02C, 05C, 09C, and 1.5C starting from a fully
charged cell at three different temperatures of 15, 25, and 35 °C. The
discharge capacity and energy of the cell is summarized in Figs. 4b,
4d, 4f as a function of C-rate and temperature. The polarization
increases at higher C-rates at all temperatures, but with the largest
sensitivity at 15 °C (Figs. 4a, 4c, 4e). The higher C-rate sensitivity of
the cell discharge capacity at lower temperatures is in-line with the
higher ohmic resistance at lower temperature observed earlier
(Fig. 2b). This suggests that the cell performance is mainly limited
by the ohmic-resistance in the range of C-rate considered in this study.

Cell teardown.—The cell was dismantled after a deep discharge
with a constant-current (CC) constant-voltage (CV) protocol. The

cell was first CC discharged at C/10 until it reached the lower cutoff
voltage of 3V after which a CV step was applied with a cutoff
current of 1.28 A corresponding to the C-rate of C/50. The cell was
left to rest for 24 h before entry to the glovebox. Inside the Ar-filled
glovebox, the cell was opened using a ceramic scissor to minimize
the chance of short circuit. The initial step involved making a cut
around one of the terminal tabs, followed by unwrapping the
remaining cell casing (Fig. 5a). Next, the stack was taken out
from its packaging, and the adhesive strips were loosened (Fig. 5b).
The stack is composed of 52 layers of cathode and 53 layers of
anode (Fig. 5c). The cathode sheets measure 302 x 90 mm, while
the anode sheets measure 305 x 93 mm (Fig. 5d). Each electrode
sheet was carefully recovered from the stack and stored separately
inside the glovebox for further investigations. The coating thickness
on a single-side of the anode and cathode is 58 ym and 49 pm,
respectively (Mitutoya digital micrometer with a precision of
0.1 #m), corresponding to the loading densities of 7.92 mg cm™>
and 15.1 mg cm ™ at the anode and cathode, respectively.

Morphological analysis.—The scanning electron microscope
(SEM) images of the surface of the cathode, anode, and separator
are shown in Fig. 6. The EDX data of the cathode surface show that
the cathode active material is composed of nickel, manganese and
cobalt. The XRD measurement on the cathode revealed that the
composition of the cathode active material is Nig33Mng 33 Cop33
(see appendix, Fig. A-1, Table A-I). The EDX result of the anode
shows that the active material of the anode is graphite. The surface
of both electrodes is partially covered by a distinct bright cloud-like
feature. The EDX analysis of these specific regions points out to the
presence of aluminum. The aluminum signal is speculated to stem
from a thin Al,O; layer on the separator’s surface. This Al,O3
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Figure 6. The surface SEM images of (a) the cathode, (c) the anode, and (e) the separator. Different locations on the SEM images were analyzed by the EDX of

which the results are shown for the (b) cathode, (d), anode, and (f) separator.

coatmg is applied by certain manufacturers with the aim of
improving the thermal characteristics of the separator and cell.>>°
The microstructural details of the electrodes were investigated b y
analysis of the cross-sectional SEM images using the FIJI software.
Different features, i.e., active material (AM), carbon-binder domain
(CBD), and porosity (POR) were identified, segmented and analyzed
using a combination of plugins, as well as customized macro scripts.
Multiple images from various locations were included in the analysis to
ensure that the data properly represent the entire electrode (Figs. 7a, 7b).

The thickness of the cathode and anode layers were found to be 52 ym
and 47 pum, respectively, closely aligning with the direct measurements
using a micrometer reported earlier. The thicknesses of the aluminum
and copper current collectors were determined to be 15 ym and 7.7 pm,
respectively. The cathode active material particles are spherical com-
posed of large aggregates of smaller particles, secondary particles
(Fig. 7a). This is more clearly visible in the wide area distribution of
the NMC particles where most of the detected segmented particles
measure below 50 um? (Fig. 7c). Note that all the AM particles below
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Figure 7. Typical cross-sectional SEM images of (a) cathode and (b) anode electrodes used in the image analysis. The particle area distribution determined by
the image analysis is shown for (c) cathode and (d) anode. The analysis was performed on several cross-sectional SEM images of each electrode. Each data point
corresponds to the average value of the respective feature in each image. (e) Areal coverage of the active material, CBD, and porosity in cathode, and (f) areal

coverage of the active material + CBD, and porosity (POR) in anode.

1 pm?® were filtered out from the histogram, since the segmentation
algorithm could not distinguish gray pixels of the same value, in the
CBD and AM parts. The anode active material particles exhibit a flaky
morphology, primarily with particles measuring below 20 um? in size
(Figs. 7b, 7d). In fact, these particles collectively account for 80% of the
total area covered by the active material, while the larger particles
constitute the remaining portion (Fig. 7d). The areal coverage of three
distinct domains of AM, CBD, and porosity for the cathode and anode is
shown in Figs. 7e, 7f. In these plots, each individual data point
represents the data obtained from a unique cross-sectional image. The
cathode features an average areal coverage of ~67% for AM, ~13% for
CBD and ~20% for the porosity (Fig. 7e). The CBD feature was not
distinguishable in the SEM images of the anode. Hence, the segmenta-
tion was done between the POR and the AM. The anode, on average, is
covered by ~25% POR and ~75% by AM (Fig. 7).

The morphological features of the electrodes were also analyzed as
a function of distance from the current collector. To do so, the cross-

sectional SEM images of the electrodes were divided into 5 slices
where slice number 1 and 5 represent the nearest region to the current
collector and separator, respectively (Fig. 8). At the cathode, the AM
tends to cover a higher area% towards the collector while the CBD
tends to shrink near the current collector. This observation can be
explained by the sedimentation of the larger active material particles
towards the current collector and the migration of the CBD towards the
electrode surface during the electrode drying process.”® On the other
hand, although the porosity maintains a relatively stable areal coverage,
a wider variation in porosity is present at the collector’s interface
(Fig. 8a). At the anode, towards the collector, the AM’s areal coverage
gains a few percentages off that of porosity (Fig. 8b). This structural
analysis indicates that there is no significant composition gradient in the
cathode and anode throughout the thickness of the electrodes.

Assembling cathode and anode half-cells.—The OCV of the
anode and cathode electrodes were measured inside the coin cells
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Figure 9. The unprocessed data collected from the execution of the OCV protocol outlined in the main text for the (a) anode and (c) cathode. The OCV profiles

as a function of SOC for the (b) graphite and (d) NMC electrodes.

with Li counter electrode and following the same OCV test protocol
earlier used for the pouch cell. The raw voltage-time data of the half-
cells obtained from performing the OCV test protocol is shown for
the anode and cathode half-cells in Figs. 9a and 9c, respectively.
Similar to the OCV analysis of the full-cell, the SOC after script #1
is assumed to be 0 and 100% for the anode and cathode,

respectively. Similarly, the SOC after script #3 is assumed to be
100% and 0% for the anode and cathode, respectively. It is important
to note that SOC refers to the state of lithiation at the anode and
cathode electrodes. The voltage relaxation after the constant-voltage
step is much larger in the half-cells compared to the full-cell
(Figs. 9a and 9c, script #1) which results in a larger gap between



Journal of The Electrochemical Society, 2024 171 020510

Experimental full-cell OCV
O Original cathode OCV

Experimental anode OCV - Shifted anode OCV

— Shifted cathode OCV

- Reconstructed full-cell OCV

——— SOCC?Ihode socCathode 11
sf@ Z el
®
| 11
[l I ‘ B
3.5 , | ,
| (} [5 -'0
3| ) max b ¢ |
_—— [ lh[
> I (|
— (i | 11 4
o 25 | I
(®)) | & 11
(0 2t I max 11 |
= . e e—
g |
1.5} : 1
|
L | o
1 0 )
I
- anode
0.5} : /Socmax 1
|
0 — .
=20 0 20 . 40 80
Capacity (Ah)
4 ;
Experimental data (b)
35 Reconstructed data N 0
s P Vmin =
. 3! — \‘fmax =0.89 (C)
< = B
S 25} < N
4 w06 | ]
% S ~ N O
E 2} w1 Moo @e/k
g = O
& us S04l . %
g < 5
}- Y
02} N
I Ymax = 0.9 b
0'5 Xmin = 0.015 ™ \\\

3 3.2 3.4 3.6 3.8 B
Pouch cell voltage (V)

4.2 0.0 0.2

04 06 08 10
Cathode SOC (y)
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from the OCVs of the cathode and anode (dark gray), (c) the SOC cycling window of the cathode and anode electrodes within the pouch cell.

the charge and discharge OCV data near the 0 and 100% SOC,
respectively. This issue is handled the same way explained for the
OCV analysis of the pouch cell. The average OCVs from the
processed charge and discharge OCV data are depicted in Figs. 9b
and 9d for the anode and cathode, respectively.

Cell balancing.—Balancing the capacity and active-material
mass between the anode and cathode of a lithium-ion cell is an
important design consideration.?>*° An optimal cell balancing can
maximize the energy density and lifetime of the cell. Particularly, in
the cells with carbonaceous anodes, the continuous growth of solid-
electrolyte-interphase (SEI) beyond the formation-cycle and the
lithium plating phenomena accelerate upon deep lithiation of anode
and at higher C-rates degrading the longevity and safety aspects of
the cell.

The anode-to-cathode capacity ratio, Z = %
cell under investigation in this study is found to be 1.03 based on the
total area of the anode (A,) and cathode (A,.) electrodes and the areal
capacities of the anode (C,) and cathode (C.). This value of Z > 1 is
a reasonable preventive design against aging and lithium plating.
This capacity ratio is, however, smaller than a more common value
of 1.1 reported in the literature.>'** This suggests that the pouch cell
of this study has been designed for target applications with high
energy density requirements and limited power demand, i.e. lower
C-rate.

The lithiation window of the anode (Ax) and cathode (Ay) within
the normal operational circumstances of the pouch cell was
determined using a simple mathematical model that reconstructs

the OCV of the cell (U) from those of the cathode (U,) and anode

, of the pouch
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(U,) OCVs(Table A-II)
U(Q) = U(Q, +6) — Ua(Q, + 62) (4]

where, Q. and Q, represent the capacity coordinates at the cathode
and anode, respectively, which are related to the SOCs of the
electrodes according to the following formula:

0. =yA.C. [5]

0,=xA,C, [6]

where, y and x are the corresponding state of charges or lithiation
states at the cathode and anode electrodes, respectively. The
horizontal alignment factors, i.e., §. and §, were used to shift the
cathode and anode OCV functions, respectively, along the capacity
coordinate. These parameters are helpful to conceptualize the
relative positioning of the individual OCV functions of the cathode
and anode within the full cell made thereof. As such, they are used to
efficiently screen the balancing space of a full cell which includes all
possible combinations of cycling stoichiometry windows for the
anode and cathode. The OCV shift was performed through an
optimization algorithm to minimize the difference between the
reconstructed and the experimental OCV of the pouch cell (U):

cost = Z 0 - Ul [7]

After a preliminary analysis, it turned out that a more comprehensive
cost function is needed to ensure a good match not only between the
OCV functions but also their capacity derivative. As a result, a
revised cost function was used in the optimization

cost=ZIG—Ul+ZI%—%I [8]

It is noteworthy that the optimization results are sensitive to the
choice of OCV function for the pouch cell and those of cathode and
anode electrodes. One might use the average OCV functions between
the charge/discharge or the individual charge/discharge OCV functions
for the full cell and electrodes. The outcome of the balancing between
the cathode and anode half-cell OCVs and the reconstructed full-cell
OCYV is shown in Fig. 10a. These results were obtained using the charge
OCYV of the pouch cell (Fig. 1b) for U and charge OCV of cathode
(Fig. 9d) for U, and discharge OCV of anode (Fig. 9b) for Uj,. The
reconstructed OCV and differential capacity signature shows a very
good match with the experimental data. Notably, the model exhibits a
high degree of accuracy in predicting both the intensity and location of
peaks within the differential capacity curve (Fig. 10b). The operational

charging of the pouch cell, the cathode is fully delithiated (v, = 0)
and the anode is partially lithiated (x,,x = 0.89). During cell discharge,
the cathode is lithiated reaching y,.x = 0.9 while anode is delithiated
with Xpin= 0.015. Assuming that the only source of lithium inside the
cell originates from the cathode and that the anode has not been
pre-lithiated, the yn,x = 0.9 at the fully discharged state of the cell
points out to 8.45% loss of lithium inventory (LLI) during the formation
cycle on account of the formation of solid electrolyte interphase (SEI).
The incomplete de-lithiation of the graphite upon cell discharge
(X*min= 0.015) implies a mismatch between the cyclable lithium and
the lithium inventory of the cell which is disadvantageous for the
energy density of the cell at its beginning of life. This might be an
artifact induced by the inaccurate measurement of the OCV functions or
a fault in cell design.

Conclusions

In this work, a high energy commercial Li-ion pouch cell was
investigated using electrochemical characterization and teardown
experiments. A pulse-relaxation experiment was conducted to quantify
the ohmic and non-ohmic contributions to the internal resistance of the
cell as a function of temperature and SOC. The ohmic and non-ohmic
resistances exhibited a significant and insignificant sensitivity, respec-
tively, to the cycling temperature. The teardown of the pouch cell
combined with the SEM, EDX, and electrochemical analyses provided
a detailed picture of the compositional and structural design aspects of
the cell. The results disclosed the identity of the cathode and anode
active materials to be NMC111 and graphite, respectively and an
overlay of Al,O5 coating was detected on the surface of the separator.
The image analysis of the SEM images of the electrodes offered
insights into the size distributions of the electrode components and their
areal coverage. The OCV functions of the pouch cell and the individual
electrodes were measured and used to estimate the balancing para-
meters of the pouch cell. The anode to cathode capacity ratio was
determined to be 1.03 and the cycling lithiation window of the anode
and cathode electrodes were found to be (0.015-0.89) and (0-0.9),
respectively. The lithium loss during the formation cycle was estimated
at 8.45% while a 1.55% underutilization of the lithium inventory of the
cell was detected. The experimental data provided in this research can
facilitate the development and parametrization of the battery models for
high capacity Li-ion pouch cells with the graphite/NMC111 chemistry.
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lithiation windows are found to be (0.015-0.89) and (0-0.9) for the Appendix
graphite and NMC electrodes, respectively (Fig. 10c). Upon complete
Table A-I. Lattice parameters obtained from the XRD measurement on the NMC electrodes.
Lattice: Hexagonal Mol. weight = d 26 I fix h k 1
S.G.: R —3 m (166) Volume [CD] = 100.78 4.74230 18.696 999 0 0 -3
Dx = 2.44010 36.804 369 -1 1 1
Dm = 2.37120 37914 54 0 0 -6
I/Icor = 5.080 2.33910 38.454 142 -1 1 -2
2.03260 44.540 720 -1 1 4
1.86820 48.702 113 —1 1 -5
1.58080 58.325 15 0 0 -9
a= 2.86000 1.57120 58.716 118 -1 1 7
c= 14.22700 1.44460 64.448 170 —1 1 -8
a/b
= 1.00000 1.43000 65.186 172 -2 1 0
c/b
4.97448
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Table A-II. Analytical OCV functions for the graphite/Li, NMC/Li, and graphite/NMC cell based on the experimental data (Figs. 1 and 9). The
functions are empirical having an arbitrary format and are aimed only at facilitating the reproduction of the experimental data.

USMEe(y) = ~(2.1361 X y'2) + (17.8490 X y°) — (20.5046 x ) 0.005 <y <0.97
+(9.3905 X y5) — (4.5192 x y*) + (0.0362 X y2)
+ (0.3579 x tan(y)) + 3.6576
URiseharee (1) — (1287.5582 X %) — (7270.2625 X y¥) + (17820.4708 x y7) 0.113 <y <099
— (24796.4308 X y5) + (21494.0818 X y)
— (119822700 X y*) + (4278.7835 x y3) — (941.0810 X y2)
+ (115.8807 X y) — 2.4597
U (x) = —(6860.4379 X x7) + (34392.8119 x xB) — (736124728 X x7) 0.043 <x <1
+ (877813044 x x5) — (63834.3785 X x°)
+(29124.5019 X x*) — (8264.4066 X x%) + (1394.9837 x x2)
— (126.8854 X x) + 5.0293
UPseharee (v) = —(5690.2931 X x%) + (25655.8593 X x%) 0<x<093
— (48990.6895 X x7) + (51581.5953 x x5)
— (326732684 X x%) + (12756.5842 x x*)
— (30273440 x x%) + (415.7494 x x2) — (30.1577 X x)

+1.0573
UCharge (7) = (13581377 x 2%) — (7283.1199 x z%) + (16562.8594 x z7) 0<z<0.9%
— (20594.5567 x z6) + (14983.4659 x z5) — (6350.5094 x z*)
+ (1555.9431 x 23) — (213.3280 x z2) + (15.6892 x 7)
+ (415.8514 x tanh(1.5872 x (z™1))) — 412.8447
UPischaree (7) = (1676.3137 X %) — (8723.9040 x z%) + (19156.3795 x z7) 0.0011 <z <1
— (22896.4744 x z°) + (15988.0984 x z°)
— (6541.8240 x z*) + (1566.4563 x z3) — (212.9267 X z2)
+ (157045 X z) + (247.0913 x tanh(1.4332 x (z™1)))

— 244.1166
UAverage (z) = (1512.8392 X z%) — (7969.0304 x z®%) + (17757.1040 x z7) 0<z<l

— (21593.3835 x z%) + (15367.5127 x z°)

— (6401.4496 x z*) + (1552.5454 x z°) — (212.2798 x z2)
+ (15.6596 X z) + (305.9667 x tanh(1.5130 % (z™")))

— 302.9755
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Figure A-1. XRD patterns of NMC electrode harvested from a fully discharged
pouch cell. Comparison to the data reported by Yin et al.** shows that the
composition of the NMC in our work is LiNig33Mn33C0033. The parameters
obtained from this XRD analysis are outlined in table Al. WL = 1.5406 A.
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Figure A-2. The ohmic resistance as a function of SOC obtained from a pulse-
relaxation test performed on a fully charged pouch cell at 25 °C. 0.8 C current
pulses were applied for 5 min and then the current was interrupted. The ohmic
resistance was calculated following the same method described in the resistance
and rate capability section. The ohmic resistance values are close to those
obtained from the pulse-relaxation test with 0.2 C current pulses (Fig. 2b).
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