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A large-format pouch cell with a nominal capacity of 78 Ah from the Volkswagen ID.3 was disassembled and analyzed to
characterize the state of the art of industrial-scale cells in automotive applications. The cell components were separated from each
other, geometrically measured, and weighed to quantify the volume and weight fractions from electrode to cell level. Material
samples from the electrodes were characterized by scanning electron microscopy (SEM), elemental analysis, and mercury
porosimetry. Half cells were built post mortem and assessed in electrochemical tests. The results revealed a stacked cell of
laminated electrode layers. The cathode showed a bi-modal particle distribution and its active material ranged with
LiNig 6sMng ,Cog 150, in between NMC622 and NMC811. Silicon-free graphite was used as the anode active material. Over
75% of the cell mass and over 81% of the cell volume directly contribute with its active material to the specific energy of
268 Wh kg ! and energy density of 674 Wh L™ " at cell level. 91% of the anode and 93% of the cathode were utilized in the pristine
cell, respectively. In charge rate tests, the anode was identified as the limiting electrode. The results provide valuable insights into
the state of the art of automotive lithium-ion batteries and serve as a reference for scientific research.
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The lithium-ion cell is an instrumental technology for achieving
climate goals such as limiting global carbon dioxide emissions. For
laying the foundation for a wireless society without fossil fuels based
on this technology, Stanley Whittingham, John Goodenough, and
Akira Yoshino received the Nobel Prize in 2019.' Since lithium-ion
cells were commercialized by Sony in 1991, the demand for lithium-
ion cells has grown steadily and primarily through their use in
portable consumer electronics devices.” Meanwhile, the lithium-ion
cell has also come to be seen as an enabler for electromobility.**
While many studies have been published at the laboratory to pilot
scale™” there is little insight into how commercial cells are
manufactured and designed in industry, as there are a vast number
of possibilities in material selection,®® cell format,'®"'? and produc-
tion processes as well as the linking of the processes and their impact
on costs and quality.”>™"” Commercial product design, however,
gives academic research the opportunity to put its results into an
application context. Laboratory-scale research is conducted pri-
marily on coin cells,"®2° three-electrode cells>' ™ and small-format
pouch cells®** to gain fundamental knowledge at the material or
electrode level. However, these cells have little in common with
industrial high-capacity cells. Low-capacity cells often benefit from
an excess of electrolyte, optimal pressure, homogeneous pressure
distribution, a highly porous separator, and good heat dissipation in
comparison to the upscaled product. In addition, they are hardly
affected by gassing due to the high ratio of dead volume to active
material (and the highly porous separator). Half-cell results in
mAh cm ™2 or mAh/gay as well as the advantages already mentioned
can lead to unrealistic predictions for industrial applications in
Wh kg 'or WhL™! at the cell level, especially if only a few cycles
are measured.

This paper aims to make commercial cell characteristics acces-
sible, not only to provide a realistic and quantified reference for
academia but also to increase the understanding of cells as a mass
product and the understanding of the transfer from laboratory cells to
application. Therefore, an automotive pouch cell extracted from a
Volkswagen ID.3 with a nominal capacity of 78 Ah was character-
ized, disassembled, and analyzed using scanning electron
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microscopy (SEM), elemental analysis, mercury porosimetry,
weighing, geometric and electrochemical measurements. The elec-
trochemical measurements were ascertained for each electrode by
building half cells post mortem. Conclusions are drawn for the
electrode design and the cell architecture. Based on these, assump-
tions were made for the production processes used to manufacture
the cell. Furthermore, it is shown how the electrodes contribute to
the electrochemical performance of the full cell.

Experimental

Battery cell teardown.—The cell shown in Fig. la with a rated
capacity of 78 Ah was CC-CV discharged with C/4 to 3.0V and a
cutoff current of 1 A to reduce the energy content due to safety
reasons. Following the procedure, the cell was introduced into the
glove box. For this purpose, the airlock was purged with inert gas
(without going lower than 800 mbar). The cell was weighed and
placed on a rubber mat to prevent a short-circuit fault. The cell was
opened using a scalpel. As shown in Fig. 1b, the cut was made at the
outermost edge of the deep-drawn pocket and on three sides along
the stack geometry. The metal foils were cut in front of the weld
seam on the tab. The stack was removed from the packaging and the
adhesive strips were peeled off. Sheet by sheet the separator,
cathode, and anode were pulled off the stack as shown in Fig. lc.
For a complete disassembly of the cell, the conductor tabs were cut
free from the pouch foil, see Fig. A-2 in the Appendix.

All components were collected, weighed and stored separately
according to the categories packaging, tapes, anodes, anode tab,
cathode, cathode tab, and separator. The thickness was measured
with a Micromar 40 EWRi (Mahr, Germany). Width and length were
measured using calipers and a measuring stick. For the measure-
ments of the separator, anode, and cathode, eight sheets were
measured. A punch from Nogami (Japan) with a diameter of
14 mm for the cathode and 15 mm for the anode was used to punch
out multiple electrode samples for the half cells, the Mercury
porosimetry, the scanning electron microscopy (SEM), the elemental
analysis, and the determination of the loading. Four coin electrodes
each, for both anode and cathode, were weighed, devarnished to the
substrate foil using isopropanol as a solvent under rubbing, and
weighed again. The remaining metal foils were then measured for
their thicknesses.
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Figure 1. Cell opening procedure and component disassembly within an Argon-filled glove box. (a) Pristine cell extracted from a module, (b) cell stack wrapped
with blue assembly tapes within the pouch packaging during opening, (c) separator on top of the anode layer during peel-off, (d) cathode layer on top of the

separator sheet.

Microscopy and elemental analysis.—For the SEM, a JEOL IT-
200 (JEOL, Japan) at 15 kV with an LEI detector was used at
different magnifications (see images). The same instrument was used
for the energy-dispersive X-ray spectroscopy (EDX).

For the elemental analysis, three samples per electrode and
measurement were sent to the Mikroanalytisches Labor Pascher
(Remagen, Germany). There, a determination of carbon, hydrogen,
and silicon was conducted on the anodes and a determination of
cobalt, lithium, manganese, and nickel was conducted on the
cathodes. Samples were combusted at 1200 °C in a purified oxygen
stream to detect carbon. The resulting carbon dioxide was absorbed
in 0.1 N NaOH and was detected conductometrically. To detect
hydrogen, samples were combusted at 1050 °C in an oxygen stream.
The water formed on combustion was detected by IR-spectroscopy.
The determination of silicon was conducted using an extraction with
nitric acid and hydrofluoric acid at 130 °C for over 10 h combined
with an inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Cobalt, lithium, manganese and nickel were measured
by dissolution with nitric acid at 180 °C for over 10 h followed by
the ICP-AES measurement. For all ICP-AES measurements, the
iCap 6500 (Thermo Fisher Scientific, U.S.) was used.

Mercury porosimetry.—The electrodes were washed in a mixture
of ethylene carbonate (EC) and diethyl carbonate (DC) to reduce the
amount of dried electrolyte residues on the surface and in the pores.
For this purpose, the electrodes were immersed in a solution with a
weight ratio of 1:7 (EC:DC) for 15 min. Afterward, the electrodes
were dried at 70 °C for 12 h.

The mercury intrusion/porosity measurements were conducted
using a Belpore LP and a Belpore HP system (Microtrac Retsch

GmbH, Germany) at 19 °C. In a glove box, the electrode samples
were cut into multiple pieces (1 mm x 4 mm). Each probe consisted
of pieces weighing together 0.35g. The probes were put in a
dilatometer each. The dilatometers were degassed for 10 min and
filled with 450 mm® of mercury in the Belpore LP prior to the first
measurements. The pressure was increased at a rate of 6 to
19 MPamin~'. After the low-pressure measurements, the dilat-
ometers were inserted into the Belpore HP device. The starting
pressure was 0.013 MPa. The pressure was increased at a rate of 6 to
19 MPamin~' to a maximum pressure of 400 MPa. (After each
measurement, the pressure was decreased at a rate of 8 to
35MPamin~'.) Based on the SEM images, the upper evaluation
limits for the pore diameter were set to 30 um for the anode and
7 pm for the cathode.

Post mortem half cell setup and formation.—The half cells were
built similar to the procedure according to Murray et al.®® in a
CR2032 casing (Hohsen, Japan) with a lithium chip of 0.23 mm
thickness and a diameter of 15.5 mm (Pi-Kem Limited, Great
Britain) as the negative electrode.

The sequence for assembly procedure began with the lower
housing, in which the positive electrode (anode or cathode sample of
the large-format cell) was inserted. Two glass fiber separators
(VWR, Germany) with a thickness of 0.25 mm and diameter of
16 mm were mounted on top of the electrode followed by the lithium
chip. The set-up was finalized with a 0.5 mm thick spacer with a
diameter of 16 mm and a spring. The half cells were closed with the
upper casing. After the assembly of the electrode, of each separator
and of the lithium chip, 50 ul LP572 (BASF, Germany) were dosed
as electrolyte resulting in a total amount of 200 ul per cell. The
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electrolyte consisted of a 1 M solution of LiPFg in a mixture of
ethylene carbonate (EC) and ethyl methyl carbonate (EMC; weight
ratio EC:EMC of 3:7) with 2 wt.% vinylene carbonate (VC).

Eight half cells underwent a ~1h rest period for wetting.
Afterward, they were connected to a CTS Lab XL battery cycler
(BaSyTec GmbH, Germany). To allow for a post-formation of the
solid electrolyte interphase (SEI),”*® all half cells were cycled
between 10 mV and 1.5V for the anode and between 2.5V and
4.2V for the cathode, as shown by Fig. 2. For (post-)formation, the
current rate was set to C/10 to avoid stressing the the half cells,
which have a high failure rate if built from commercial cells post
mortem.?® As the individual capacities were unknown, the applied
current rate refers to a calculated capacity of the individual stamps.
The calculation followed the theoretical estimation of the areal
capacity of the pristine cell (ggjecuoqe) based on the rated pristine cell
capacity of 78 Ah according to

bl 18 - 2 [

Electrodesurface Electrodelayer Double—coated

DElectrode =

for the individual electrodes, with the electrode width b and length /.
The theoretical areal capacity was further used to calculate the
absolute half cell capacities Qyc according to

d 2
QHC = AHC'quectrode = (5) " Electrode [2]

with the individual stamp diameter d for the anode and cathode,
respectively. After three formation cycles, half cells with reprodu-
cible voltage traces and coulombic efficiencies above 97% were
selected for further investigation of the electrochemical perfor-
mance.

Test procedures for electrochemical performance assess-
ment.—To assess the electrode capacity utilization of the electrodes,
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a selected sample of each electrode was subjected to C/50 in
constant current (CC) mode, known as the pseudo-open-circuit-
voltage (pOCV) technique.’® Likewise, the procedure was per-
formed with a pristine cell. The measurements were used for
balancing and alignment of the half cell OCV to the pristine cell
OCYV, in accordance with the work of to Honkura and Horiba,31 who
used this method to reveal insights into the characteristic stage
transitions of both electrodes. The half cells were discharged from a
pristine cell perspective, i.e., delithiating the anode and lithiating the
cathode. The voltage window of these tests differed from the
formation voltage window: The investigated half cells achieved a
stable cycling during formation and were subjected to the larger
voltage window as it is used in the pristine cell. Here, the anode was
cycled between 1 mV and 1V, and the cathode was cycled between
2.5V and 4.3 V. The pristine cell was discharged between 2.5 V and
4.2V to account for the operating voltage window during operation.
Both, half cells and the pristine cells, were subjected to C/50 CC
charge sequences for pOCV determination within the respective
voltage bounds. The capacity retention of the pristine cell, pOCV,
and the geometrical measures were used for energy density calcula-
tions at cell level.

To further investigate into the charging capability of the cell,
charge rate tests with an increasing rate were performed on the half
cells in the charge direction from a full cell perspective. As both half
cells slightly age during the rate tests, the C-rate is referred for an
initial capacity check prior to the rate tests. Both electrodes were
initially lithiated/delithiated to the respective voltage bound and
subsequently delithiated/lithiated with C/10 in CC mode to deter-
mine the actual capacity of the half cells. During this procedure, the
anode was cycled between 1 mV and 0.5V, as the steep potential
increase beyond 0.5 V did not contribute essentially to the overall
charge throughput.

All aforementioned tests were performed at 20 °C in a thermal
chamber starting from a thermally relaxed state (>4 h relaxation).
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Figure 2. Post-teardown formation cycles with voltage over time in (a)/(c) and voltage over capacity in (b)/(d) for anode and cathode half cells, respectively.

Colored curves represent the three consecutive charge/discharge cycles.
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Figure 3. SEM images of (a) the anode and (b) the cathode.

Results and Discussion a bimodal distribution with spherical particles of approx. 3 ym and
9.5 pm diameter. These secondary particles are composed of densely
Electrode design.—Figure 3 shows the SEM images of the anode packed primary particles (< 1 pum). The four largest mass fractions
(a) and the cathode (b). The anode consists mainly of flake-shaped of the anode coating were given by the EDX measurements with
particles up to a diameter of 20 pum. The image of the cathode shows 86.4 w% for carbon, 6.4 w% for oxygen, 5.7 w% for fluorine, and
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Figure 4. Mercury porosimetry measurements of the washed anode and cathode (top). Share of the pore volume according to the pore size (bottom). The pore

diameter was divided into 20 steps (bars) per decade. For both electrodes a total porosity of approx. 22% was measured, which is attributed to dried electrolyte
residues in the pores as the porosity of the electrodes prior to filling is assumed to be higher.
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Figure 5. Measured weight and volume shares of each component as part of the total cell weight and volume, respectively. The packaging includes the tapes.
The electrolyte describes the difference between the cell weight and the total weight of individual components after disassembly and is attributed to the
evaporated solvents. The dead volume was calculated from the difference between the individual volumes and the volume of the outer cell dimensions. The
compression of the cell, as well as laminate residues, were taken into account in the calculations using the minimum values of the coating thickness of the

electrodes and the minimum measurement of the separator thickness.

1.1 w% for phosphorus. The laboratory elemental analysis confirmed
the results of the EDX measurements with a carbon content of 87%
and a hydrogen content of 0.9%. The high carbon content as well as
the typical shape of the particles is proof for graphite as active
material in the anodes. Interestingly, neither the EDX nor the ICP-
AES showed any signs (=0.05 w%) of silicon in the anode. The high
percentage of oxygen in the layer is an indication of SEI, as well as
solvent residues from the electrolyte in the electrode. Hydrogen and
phosghoms are components attributable to the electrolyte® and
SEL>® but also to the binder. For the cathode, the EDX showed a
NMC as the active material with a composition between NMC622
and NMC811. Only evaluating the elements nickel, manganese and
cobalt, the weight shares resulted in 65.1 w% for nickel, 15.5 w% for
cobalt, and 19.4 w% for manganese. The ICP-AES included the
lithium content, which was measured to 5.99 + 0.05 w%. Nickel had
the highest share with 33.53 +0.32 w%. Furthermore, the cobalt
content was with 7.78 + 0.08 w% lower than the manganese content
of 9.45+0.1 w%. In combination with the molar mass of the metals
the cathode material was determined to LiNig ¢sMng»Coq 1505.
The electrodes were coated on both sides. The footprint of the
anode coating is 9.7 x 51.2cm® and of the cathode coating
9.5 x 51 cm®. The tabs are positioned oppositely at the end of the
long electrode dimension. Therefore, three possibilities for the
electrode production arise: The first possibility consists of an
intermittent coating process with a resulting pattern every 51.2
(+0.8) cm for the anode and every 51(40.8) cm for the cathode
followed by a slitting process. The slitter allows the parallel
production of multiple electrodes on one coater as it cuts mechani-
cally or using a laser in the direction of the material flow."” The
second possibility is a continuous coating process with a coating
width according to the electrode length. Coating twice the electrode
width continuously in combination with a slitting in the middle of
the coating is the third variation. As the first possibility promises the

highest throughput (and the second the lowest) it is the most likely
variant for cost reasons. Regardless of the variation, the electrodes
were coated on both sides with a 12 um copper foil used for the
anode and a 14 ym aluminum foil for the cathode. Both, a parallel
realization with subsequent drying or a sequential process with
intermediate drying are possible.'® The former process is superior in
regard to throughput and energy consumption. The anode coating
has a (single-sided) thickness of 115.3 um at a loading density of
18.1 mg cm™>. The single-sided cathode coating is 87.3 um thick
and has a loading of 27.9mgcm 2 Changes after electrode
production should be considered regarding the weight and the pores
of the coating. The pores of the electrodes were filled with
electrolyte liquid.** During the disassembly of the cell, the electro-
lyte solvents with a low boiling point evaporated leaving conducting
salt and solvent with a high boiling point behind. Furthermore,
passivation layers like the SEI were built during formation.>” Both
increase the weight and decrease the porosity of the electrodes in
comparison to the pristine state after electrode production. In this
context, Fig. 4 shows the result of the Mercury intrusion after
washing the electrodes to reduce the electrolyte residues. The anode
shows two normal distributions with peaks at approx. 1072 ym and
2 pm pore diameter. The distribution of pore volume with regard to
pore size is wider for the cathode. It has a peak at approx. 0.7 um
and expands to lower pores down to 0.1 um unilaterally. The
asymmetric pore size distribution of the cathode is assumed to
result from the bimodal particle distribution. According to Schreiner
et al.® pore diameters below 0.24 um represent the space inside
secondary particles or carbon black for cathodes. Pore diameters up
to 16 um represent the space between secondary particles and even
greater pore diameters are attributed to surface roughness.® Hence,
the cathode has neither measurable pores in the secondary particles
nor carbon black. The anode pores, however, include conducting
agents. Furthermore, the high pore volume fraction of small pore
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diameters is a clear indication for calendering of the electrodes
during manufacturing.®

Cell architecture.—The cell stack was wrapped with five tapes
and positioned in the deep-drawn pocket of the pouch bag. The
position was fixed on the left and the right side with the tabs in the
seal seam. The stack consisted of single sheets beginning with a
separator followed by an anode, a separator, and a cathode in
repeating order. The sequence ended on the other side again with an
anode and finally with a separator. In total, the stack consisted of 38
separator sheets, 19 anode sheets, and 18 cathode sheets.

Anodes and cathodes show both white residues on only one side of
the sheet and had different resistance to the manual separation of
separator and electrode sheet. The SEM images (Fig. A-1) showed
shred-like residues adhering to one side of each electrode. Hence, it is
very probable that the electrodes were cut to the footprint plus the tab
connection via laser or mechanically'' and the single sheets were
laminated to the separator. It is assumed that the lamination was a
continuous process according to Ref. 34 and the electrode-separator
compartments were cut afterward to simplify handling: The separator on
its own is inherently unstable as it has a thickness of 17.6 yum at a
footprint of 10 x 51.7 cm®. Furthermore, the lamination halves the
number of sheets to stack in the subsequent stacking process. The
comparison of electrode footprints shows that a positioning accuracy
of +1 mm is necessary during stacking so that the cathode coating area is
always covered by the anode. A subsequent lamination of the stack by
increased temperature and pressure in order to fix the position of the
sheets is possible. However, no evidence was found for this.

As conductor tabs, aluminum and nickel-plated copper was used.
Both current conducting cross-sections of the tabs resulted in
22.5 mm? The conductor tabs have different patterns embossed on
the front compared to the back (Fig. A-2). Such ]Saatterns are
embossed by means of ultrasonic welding in the metal™ in contrast
to laser welding.*® Due to the two different patterns, it was welded in
two steps. First, the tapered end Sections of the substrate foils (with
a cross-sectional area of 0.54 mm? per anode and 0.64 mm> per
cathode) were welded together. Then they were welded on the tabs.
Probably then, the electrode-separator stack was inserted into a
deep-drawn aluminum composite foil, which was sealed on two
sides (left and right at the tabs) as the seal seams indicate.

The cell format of stack and flexible pouch foil allows electrolyte
dosing in one step as well as faster wetting than with wound
electrode-separator assemblies.®” Therefore, it is assumed that the
electrolyte was dosed under evacuation in one step and the cell was
sealed subsequently, which resulted in a closed wetting. As reported
in the literature,® a degassing step was probably implemented after
or during the formation®®>° removing the gas bag by cutting and
sealing the cell to its final format. The cell weighs 1.101 kg and has a
volume of 0.438 L. Figure 5 shows the proportions of the weight and
volume of the cell of each of the components. The coatings of the
electrodes containing the active material account for 75.7 w% and
81.6 v% of the cell. Furthermore, the dead volume with approx.
1.4% shows the high degree of space utilization, as pouch cells are
advantageous in terms of energy and packing density.'?

As already mentioned for the porosimetry, dried electrolyte residues
in the pores of the electrodes have an impact on the weight. Here, the
residues lead to higher weights and, thus, higher weight fractions of the
coatings compared to the pristine state of the electrodes before filling
and wetting with electrolyte liquid. This too high electrode content
actually belongs to the electrolyte, which has a significant influence on
the weight of the cell.* Furthermore, the thickness of the cell was higher
than the sum of the mean thicknesses after assembly. Therefore, the
compression of the components due to pressure difference between
inside of the cell and the environment is assumed. Another possibility is
an increase in the thickness of the electrodes due to laminate residues on
the surface or plastic deformation during the manual peel-off. To
account for these effects, the minimum value of electrode, as well as
separator thickness, was used for the volume calculation, and not the
mean. For details on the absolute values, see Tables A-I, A-Il, and A-III.

Nevertheless, the influence of upscaling and cell format becomes
particularly clear comparing the values with the weight and volume
fractions of the half cells. In the anode/cathode of the post mortem
half cells, the casing contributed 90.7/90.6 w% and 49.3 v%. The
active material (including the lithium chip plus the respective
electrode coating) accounted only for 1.8/2.1 w% and 6.4/5.7 v%.
Compared to the automotive cell, no electrolyte residues are on the
separator and additional electrolyte was added, but the resulting
electrolyte only amounted to a share of 7.8/7.7 w%. The empty space
of the coin cells is with 34.5/35.1 v% in relation to the automotive
cell significantly higher and, e.g., allows for the storage of excess
electrolyte, which is not wetting the pores.

Electrochemical performance.—The measured anode potentials
® capture the staging behavior as expected for the lithiation
processes of graphite.*'** Three distinct voltage plateaus as reported
by Nitta et al.** are shown in Fig. 6a. At ~100 mV, phase transitions
from LiCg to LiCy, occur keeping the potential almost constant.
With further delithiation, an additional plateau evolves at ~140 mV,
where LiCi, and LiC,4 coexist. At ~230mV, the last phase
transition occurs followed by a steep potential increase to the last
stage of delithiated graphite Cgs. Also, the measured cathode
potential shows characteristic features in the measured potential,**
as illustrated in Fig. 6b. A steep voltage decrease is observable close
to the fully lithiated cathode. Also, the voltage gradient changes at
~3.7V. In total, a charge throughput of 5.23 mAhcm ~ and
5.02 mAh cm ™2 was measured during the procedure for the anode
and cathode, respectively. Using the charge throughput of both
electrodes, the N/P ratio was calculated as 1.04. This is rather low
compared to reported design strategies in the literature,* leading to
an enhanced usable capacity of the cell due to lowered potentials and
better anode capacity utilization but also to an increased risk for fast
capacity fade during operation as larger anode capacity windows are
used during cycling.*®

The observed clear feature distinctions of both electrodes were
subsequently used for determining the electrode utilization and balan-
cing at cell level. The procedure is similar to previous studies®' and
follows a theoretical scaling of both electrode capacities and a horizontal
shifting to match the measured full cell potential following

. _
Upcy = @H(Q*) — @7(Q7) = ‘D+(Q ++6b ] - (D(Q +_Gb ) (3]
Sy Sp

with the horizontal alignment coefficient o and the scaling factor Sif
for each individual electrode. The result of the balancing and
alignment of both electrode potentials to the full cell potential is
illustrated in Fig. 6c. Within the full cell, 91.8% of the anode
capacity is utilized, while 93.7% of the cathode capacity is utilized.
The total fitting procedure of the superimposed potentials to the
measured potential yields R2 =99.97% and a precise match to the
distinctive features of the electrode, as visible in Fig. 6d, ensuring
the resilience of the determined capacities and capacity ratios.

The pristine cell achieved a C/50 discharge capacity of 79.9 Ah and
an energy retention of 2954 Wh at 20 °C. Taking into account the
geometrical and weight measurements from Table A-Ill, a specific
energy of 268th,<{1 and an energy density of 674 WhL ™' was
determined at cell level. For comparison, the cathode post mortem half
cells reached only 825Whkg™' and 2442WhL™' under same
conditions due to the lower active material share of the coin cells.
Using graphite/NMC622, larger hard case cells with a capacity of
22.01 Ah at C/5 showed with 138.26 Whkg™' and 293.08 WhL ™'
lower properties as well.”’ Even the use of pouch cells on laboratory
scale (based on graphite/NMC532 with 0.24 Ah at C/20) just achieved
ZOOWhlq{1 and 390 WhL™'? Thus, the measured characteristic
values of the automotive cell show the great influence of the cell
architecture and the upscaling to high capacities.

In a subsequent charging current rate test, illustrated in Fig. 7, the
capacity retention under increasing charging currents of the half cells
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Figure 6. Open-circuit potentials ¢ vs Li/Li+ of (a) anode and (b) cathode, determined by C/50 discharge from a full cell perspective, i.e., C/50 delithiation/
charge of the anode/anode half cell and C/50 lithiation/discharge of the cathode/cathode half cell, respectively. (c) Aligned and balanced half cell potentials to the
full cell open-circuit potential determined by a C/50 discharge with quantified capacities and charge utilization of both electrodes. (d) Differential voltage

analysis of the individual open-circuit potentials.

is measured. It should be noted that the results only serve as a
qualitative reference, as the electrolyte system of the pristine cell has
been changed due to the addition of LP572 (BASF, Germany) to the
original unknown electrolyte composition. Consequently, a mixture
with possible residuals of the original electrolyte system during the
post mortem half cell setup procedure is highly probable. This may
change the half cell electrochemical performance compared to the
pristine cell. The overpotentials in the electrolyte are expected to
exceed the overpotentials in the pristine electrolyte system of the full
cell prior to disassembly. Furthermore, the lithium counter electrode
interferes and also lead to additional unintended overpotentials. It

should be noted, that C-Rates are therefore not directly comparable
to the pristine cell. However, the capacity retention of both half cells
in the performed test is comparable, as both half cells are build in the
same way and suffer under similar artificial overpotentials.

While the NMC cathode achieves a rather stable capacity
retention up to 1C, the anode capacity decreases two-fold at a rather
low rate of C/2. At a current rate of 1C, the anode charge throughput
is minimized and negative potentials are reached early. Based on the
aforementioned observations, it is mainly the anode that limits the
charging capability of the cell. As a consequence, negative anode
potentials are reached during aggressive fast charging of the full cell,
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increasing the likelihood of lithium deposition.*® Improvements to
the anode charge capability may improve the overall fast charge
capability of the cell.

The highest current densities in the cell are in the tapered end
Section of the copper foil in front of the tab weld at the anode side.
Here, due to the cross-section and the capacity of 79.9 Ah, the
current density amounts to 8.22 mm ™2 in the copper for 1C. At the
cathode, the aluminum is exposed to 7.05 mm ™~ at the same C-rate.
The tabs just conduct 3.55 mm 2 at 1C.

Conclusions

The aim of this work is to serve as a reference for the state of the
art of lithium-ion batteries for industry and academia. Therefore, an
industry-scale automotive pouch cell from the Volkswagen ID.3 was
subjected to a teardown procedure and its electrode design, cell
architecture, and cell performance were analyzed.

A high specific energy of 286 Wh kg™~ ' and a high energy density
of 674 WhL™' was measured by testing the pristine cell prior to
disassembly. A thorough mass and volume determination at elec-
trode and cell level attributed these high characteristics to the cell
architecture and electrode design: Over 75% of the cell mass and
over 81% of the cell volume contributed to the energy content. SEM,
EDX, and ICP-AES results revealed a LiNiO.GSMHO.ZCOO.ISOZ

cathode with bi-modal particle size distribution and a silicon-free
graphite anode. Building half cells post mortem, it was shown that
91% of the anode capacity and 93% of the cathode capacity
participate in the pristine cell. Furthermore, charge capability tests
confirmed the anode as the limiting electrode during fast charging.
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Appendix A

Table A‘I. Specifications of the electrodes measured. The thickness of the components refers to the uncompressed state after disassembly. The areal
capacity values correspond to a rate of C/50 at 20 °C, as illustrated in Fig. 6.

Property Anode Cathode
Foil thickness in pym 12 (Cu) 14 (Al)
Electrode thickness (double-sided) in pm 242.6 + 6.1 188.5+7.1
Loading Density (single-sided) in mg cm ™2 18.1 £0.1 279+0.1
Areal Capacity in mAh cm ™2 5.23 5.02
Footprint of coated area in cm? 9.7 x 51.2 9.5 x 51
Layers/Number of sheets 19 18
Tab footprint in cm? 45 x4 45 x4
Tab cross-section cm?’ 22.5 (Cu/Ni) 22.5 (Al)



Journal of The Electrochemical Society, 2022 169 030515

Table A-Il. Measured specifications of the separators, tapes, and the pouch foil. The thickness of the components refers to the uncompressed state
after disassembly. The footprint of the tapes refers to the unwrapped state. The footprint of the pouch foil refers to the top view of the casing/cell
without tabs (and without information about the deep-drawn pocket).

Property Separator Tape Pouch foil
Thickness in pm 17.6 +2.1 38 144
Footprint in cm™2 10 x 51.7 23 x3 98 x 53.5
Number of sheets/stripes/layers 38 5 2

Figure A-1. SEM images of both electrodes from front and back. (a) Anode, (b) cathode, (c) anode with laminate residues and, (d) cathode with laminate
residues.
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Figure A-2. Embossing on tabs and substrate foil of (a) anode and (b) cathode.

Table A-IIl. Volumetric and gravimetric proportions of the cell components. The compression of the cell, as well as laminate residues, were taken
into account using the minimum measurements of the thickness of the anode (236 pm), the cathode (182 pum), and the separator (15 pm) for the
calculation of volume and volume shares of these components. The coatings were calculated from the difference between electrodes and substrate
films. The evaporated electrolyte solvent and the empty space were determined from the difference of the cell values and the sum of the individual

components. Mean values and standard deviations were determined from measurements of several (4 to 8) samples.

Component Weight Percentage by Volume Volume
ing weight in % in cm® fraction in %
Cell 1101.4 100 438.3 100
Packaging 50.9 4.6 17.9 4.1
Tapes 1.7 0.2 1.3 0.3
Anode (coated foil) 416.8 +12.8 37.8 222.7 50.8
Anode coating 352.2 32 2114 48.2
Anode foil 64.6+2 59 11.3+0.8 2.6
Anode tab 23 0.2 1 0.2
Cathode (coated foil) 511.9+238 46.5 158.7 36.2
Cathode coating 481.4 43.7 146.3 334
Cathode foil 30.5+0.5 2.8 124+04 2.8
Cathode tab 1.4 0.1 1 0.2
Separator 41.3 3.8 29.5 6.7
Electrolyte evap. 75.1 6.8 — —
Empty space — — 6.3 1.4
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