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Abstract

This work presents a modification approach and first measurements of commercial cylindrical Li-ion cells with local
potential probes and internal temperature sensor. Local potential measurements at low currents show a non-uniform
potential distribution along the electrode, dominated by the open circuit voltage (OCV) of the negative electrode. For
higher currents, the overpotential along the current collector becomes dominant and instead of a corrugated potential
distribution, a strong current depended voltage gradient is measured, suggesting a highly non-uniform state of charge
(SOCQ) distribution with increasing distance to the current tab. After discharge, a fast potential equalization takes place
and no potential difference between the single electrode sections can be measured after 12 min, even though the overall
cell voltage relaxation has not reached an equilibrium state yet. The presented modification approach combines the
advantages of high quality industrial manufactured cells as uniform coating thickness and density with the advantages of
special tailor made cells for in-situ measurements. Due to the low impact of the modification and its long-term stability,

detailed measurements at different sections of the electrode become available.

Keywords: internal temperature, current density distribution, local state of charge (SOC) inhomogeneities, local

potential, commercial cell modification

1. Introduction

Li-ion cells show continuing commercial success as power
source in the consumer application market. High energy
density, safety and reliability make them the secondary
battery of choice for portable electronics such as mobile
phones and laptop computers [1, 2]. In recent years, Li-
ion batteries increasingly find application in the field of
full and hybrid electric vehicles (FEVs/ HEVs)which de-
mand for power optimized large capacity batteries [3]. Up-
scaling established Li-ion technology with capacities of up
to 100 Ah, while retaining the energy density and reliabil-
ity of smaller systems is a continuing technological chal-
lenge [source].

Designing an effective large format battery is supported
by simulation tools of varying degree of complexity, rang-
ing from early 1-Dimensional models utilizing porous elec-
trode theory by Newman et al. [4], over analytical calcu-
lations [5, 6] to more recent multi-scale multi-dimensional
model frameworks combining various approaches [7, 8, 9].
These models predict in detail the spatial distribution and
time evolution of cell parameters such as potential, cur-
rent, state of charge (SOC) and temperature. Yet, little
spatially resolved experimental data is available for model
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validation. Inhomogeneities in the degree of lithiation have
been investigated by means of neutron diffraction [10],
calorimetry [11], X-ray micro-diffraction (¢XRD) [12] and
Raman spectroscopy [13]. These methods typically rely
on custom small scale in-situ cells or ex-situ measurements
on materials from disassembled cells. Neutron diffraction
and topography allow for in-situ measurement of the de-
gree of lithiation, i.e., the local SOC in commercial cells
due to the high penetration depth compared to X-rays or
Raman spectroscopy. But the resulting SOC distribution
is an average of multiple layers, depending on the battery
geometry and electrode positions [14].

Spatially resolved temperature data has been gathered
by means of applying multiple external [15, 16] and inter-
nal sensors [17, 18, 19, 20] and by measuring the thermal
radiation.

Due to its increasing application in EVs, large format
pouch cells are of particular interest. Ng. et al. built a
multi-layer electrode pouch cell and found inhomogeneities
in the electrode material perpendicular to the current col-
lectors. Zhang et. al. built a large format pouch cell with
a segmented cathode and a long, z-folded anode and mea-
sured the current through each segment along with the
resulting SOC inhomogeneities at several operation sce-
narios [21, 22]. Presumably, data from custom cells are
scarce as the requirements to achieve similar quality as
consumer grade cells are hard to fulfill.
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High power cylindrical cells face the challenge to support
very high discharge rates while generating high tempera-
tures due to their long electrodes. To the best knowledge
of the authors of this work, current and potential distri-
bution data is not available for this type of cell.

In this work, commercial cylindrical cells are modified
to allow for in-situ local potential and internal tempera-
ture measurements. We evaluate the quality and stabil-
ity of the modified cells through impedance measurements
and long term cycling. First measurements of spatially
resolved potential data at various discharge scenarios and
during relaxation are presented.

2. Experimental work

Cell modification procedure - The cells used in this work
for modification are commercially available 26650 cells
with a capacity of 2.5 Ah and an average discharge volt-
age of 3.3 V. Lithium iron phosphate (LFP) is used for
the cathode, graphite for the anode, whereas the active
material is double coated on the current collectors with a
thickness of 70 pum for the cathode and 35 pm for the an-
ode respectively. The aluminum current collector on the
cathode has a thickness of 20 pym, the copper current col-
lector on the anode side 13 pm respectively. As common
in commercial cells, the anode width of 5.75 cm overlaps
the cathode by 0.1 cm on each side. The cathode has an
overall length of 169 cm, the anode 175 cm and each elec-
trode has four almost equidistant current tabs. Figure 1 a)
gives an overview of the cell dimensions and tab positions.

The tab distances lead to symmetrical tab alignment
on both electrodes in order to facilitate the spot-welding
with an additional layer of the respective current collec-
tor material to the top and bottom cap of the cell (Figure
2). Figure 1 b) and c) illustrates the two different modes
of operation before and after modification. The four cur-
rent tabs in the unmodified cell are connected and the cell
voltage is measured at the terminal. The separation of the
tabs in the modified cell allows the voltage measurement a
four different positions of the electrode while in this work
only the outermost tab is used to apply a current.

For safe handling during the cell modification, all cells
were discharged with a current of 0.2C (1C = 2.5 A) to
the cut-off voltage of 2 V and opened in an argon filled
glove box. The modification is applied on the negative
and the positive electrode, starting with the positive elec-
trode as it is connected to the cell housing. The caps were
removed and the four current tabs of the electrodes, which
are welded onto the caps, were separated.

Nickel tabs (3 cm length, 4 mm width, 80 pm thick-
ness) were spot-welded onto the aluminum tabs on the
cathode and on the copper tabs at the anode side. A
MSK-310 compact AC pulse spot welder from MTI
Corporation was modified to allow operation inside the
glove box. After extending the current tabs, the cells
were sealed with self-made polymer caps and epoxy glue
as schematically shown in Figure 3. Each polymer cap
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Figure 1: Schematic drawing of the rolled out modified experimental
cell with the over all dimensions of the cell (a). C1 — C4 denote the
positive electrode tabs, A; — A4 the negative current tabs. C; and
A1 are the outermost tabs of the cell.

has four feedthroughs for the current tabs; the cap on
the positive electrode has an additional feed-through for
a temperature sensor. The thermocouple is housed in the
center of the steel rod in the middle of the cell.

Experimental set-up and test procedure - Before and af-
ter the cell modification, each cell received a performance
check-up at different discharge currents (0.5C,1C,2C)
with 2 h relaxation period in between and a constant
current constant voltage (CC-CV) charging protocol
(0.2C,3.6 V CV, 0.01C cut-off). All cycling experiments
were conducted at ambient temperature at 22 °C with a
BaSyTec CTS to cycle the cells. In addition, an Agilent
39720 with a 20 channel multiplexer was connected for
supplementary voltage and temperature measurements.
Before modification, the cells are contacted via a spring
loaded kelvin probe holder. After modification, 2 mm ba-
nana plugs are soldered on the nickel tabs. All temperature
measurements, inside as well as outside, were conducted
with T-type thermocouples (class A) with an accuracy of
40.5 K from Labfacility Ltd. The conductor thickness was
200 pm for outside measurements and 76 pm for in-cell
measurements. The tip of the thermocouples mounted in-
side the cell were insulated with Apiezon®© to avoid elec-
trical contact or contamination.
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Figure 2: Experimental cell, opened on the negative electrode (a)
and with separated current tabs on the negative (b) and positive

electrode (c)
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Figure 3: Schematic drawing of the experimental cell after modifi-
cation, terminal T (C1 — A1), is used for cycling the cell while the
terminals T5, T3 and T are used for voltage measurements only

3. Results and Discussion

Stability of Fxperimental cell - To allow the comparison
of the performance of a modified cell with its original
state, it had to be guaranteed that the performance of
the cell has not been affected by the modification. As
the cell undergoes different handling steps, including
opening and resealing the cell, certain error sources are
possible. Contamination or loss of a significant amount of
electrolyte due to evaporation would result in immediate
side reactions or performance loss and capacity decrease.
A non-proper sealing would lead to the ingress of water
and oxygen into the cell, causing a constant loss of
capacity within a short time. Different pre-measurements
were done to validate the cell performance before and
after modification.

Cell resistance and impedance - According to the cell

data sheet, a new cell has a typical impedance of 6 m{2
at 1000 Hz. The impedance of a modified cell can be de-
scribed by a more complex impedance network consisting
of multiple elements as shown in Figure 4.
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Figure 4: Schematic multi-element impedance matrix for a modified
cell

The terminal T}, describes the impedance or voltage be-
tween the current tab of the cathode C,, and the restrictive
anode A,, whereas 1 < n < 4 denotes the number of the
current terminal, with n = 1 being the outermost cur-
rent terminal (refer to Figure 3). It consists of the cell
impedance Z,, as well as the resistances of the nickel tabs
and the new welding spots R¢,, and R4 .

Rain and Rey, (1 < n < 4) represent the re-
sistances between each tab and depend on the current
collector geometry with 24.62 mQm~! for the positive
and 23.07 mOQm™! for the negative electrode respectively.
Rc1 — Reg and Ray; — Ray represent the calculated re-
sistance values of the single nickel tab and corresponding
welding spot. The measured and averaged impedances of
a modified cell are summarized in Table 1.

All measurements were conducted with several itera-
tions with a Hioki BT3562 Battery Impedance Tester at
1 kHz. The resistances measured at the terminals range
from 19.76 mQ) to 26.54 m2, caused by the non-uniform
contact resistance at the welded spots. To identify the con-
tact resistance of each weld spot, the resistances Ro1— Rog
and Ra1 — Rag4 listed in Table 1 were calculated. For this
work, only 77 was used as current tab and Tb — T were
used for voltage measurement.

Electrical and thermal characteristics - Figure 5 de-
picts the voltage characteristics at discharge currents of
0.5C, 1C and 2C before and after the cell modification.



Table 1: Measured impedance T, between the cell terminals, the
measured resistance between the current tabs and calculated resis-
tance of the nickel tabs and the respective welding spot Rc, and
RAn

m§? m¢)
T 26.54 T3 24.84
Ts 23.30 Ty 19.76
Ci-Cy 2159 A;-Ay, 33.73
Cy-Cs 2451 Ay- Az 30.07
Cy-Cy 2343 Asz-As 25.68
Rea 421 Ra 12.68
Reo 748 Ryo 11.02
Res 6.11 Ras 8.86
Reouy 6.61 Ry 7.53
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Figure 5: Discharge performance of the cells before (solid) and after
(dashed) the modification at discharge rates of 0.5C, 1C and 2C

The high power capability of the cell provided a sta-
ble capacity Cynmod With increasing current of 2.6174 Ah
at 0.5C, decreasing by 0.59% to 2.6021 Ah at 2C. Due
to the higher overpotential at higher currents, the aver-
age discharge voltage Uypmoa decreased from 3.1335 V to
2.9523 V. After modification, the current is applied via at
T1 (C1—A,) for cycling. The capacity Cy,oq Was 2.6321 Ah
at 0.5C and 2.5949 Ah at 2C, resulting in a capacity in-
crease of 0.56% at 0.5C and a capacity decrease of 0.28%
at 2C compared to its unmodified state. This minor in-
crease of capacity for lower currents could be assigned to
a slight increase of the ambient temperature during or a
longer relaxation time before testing. Cycling the cell only
via terminal 77 leads to a larger potential drop as in the
unmodified cell and is superimposed by the added con-
tact resistances from the nickel tabs and the corresponding
welding spots. Compared to the average discharge voltage
Uvnimods Umoa decreases nearly proportional to the applied
current by 52 mV,101 mV and 192.4 mV as specified in
Table 2.

The temperature during discharge suggests a change of
the thermal properties of the modified cells (Figure 6). For

Table 2: Performance of an experimental cell before and after mod-
ification

C-rate 0.5C 1C 2C
Cunmeod/Ah 2.6174 2.6101 2.6021
Cinoa/Ah 2.6321 2.6120 2.5949
AC)% oo = 100% 0.56 0.07  -0.28
Uunmod/V 3.1335 3.0504 2.9523
Upmoa/V 3.0815 2.9498 2.7599
AU /mV 52.0  100.6  192.4

clear illustration in Figure 6, the data for 1C and for 2C
were offset by 1 K and 2 K respectively.
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Figure 6: Temperature profiles of the cells before and after the mod-
ification at a discharge rate of 0.5C, 1C and 2C, measured on the cell
surface as well as the cell core of the modified cell. The measured
data at 1C was offset by 1 K and the measured data at 2C by 2 K
for clearer illustration

The temperature of an unmodified cell, measured out-
side at the middle of the cell, ranges from 22.5 °C to 25 °C
for 0.5C and increases to 28 °C for 1C and 31.2 °C for 2C
respectively. The self-cooling between 1 Ah and 2 Ah due
to the entropic effects in the graphite anode [23, 20] is
visible for lower currents up to 1C and vanishes for 2C.
In the modified cell, this self-cooling effect is less domi-
nant and nearly disappears at currents above 1C. This
change can be attributed to the modification process, as
the heat capacity was increased due to additional parts
such as polymer caps the on both sides of the modified
cell. In addition, the current tabs, prior welded to the
metal caps, were separated, resulting in a lower thermal
conductivity from the inside to the outside of the cell.

Long term cycling - To verify the stability of the modi-
fied cell and to compare the ageing behaviour between the
modified and unmodified cells, long-term cycling experi-
ments at ambient temperature were conducted. Figure 7
represents the capacity fade of one modified cell and two
unmodified cells after 480 full cycles.

In contrast to the characterization measurements, for
the long-term cycling the four nickel tabs on each elec-
trode were interconnected and the cells were charged with
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Figure 7: Long term performance of one modified and two new cells
after 200 and 480 cycles respectively. The cells were cycled between
0 and 100% SOC with a 1C rate at ambient temperature

2.5 A, equivalent to 1C for 60 min. If the cut-off voltage of
3.6 V was reached before 60 min, the remaining time was
conducted as CV charging. As discharge procedure, a 1C
current was applied until the cell reaches cut-off voltage at
2 V. The cell capacities show only very small variations
during the first cycles with a difference of 0.23 % after
200 cycles. Afterwards, the relative capacity loss for the
unmodified cells continues linearly while the capacity loss
of the modified cell increases slightly. After 480 cycles,
the unmodified cells lost 1.67% and 1.65% of the initial
capacity, the modified cell 3.52% respectively. To further
investigate the durability of the modified cell, additional
520 cycles were applied. After 1000 cycles, the modified
cell reveals a capacity loss of 10.62%. The cells show a very
stable long-term performance, indicating that only minor
side reaction due to ingress of moisture or oxygen after the
modification occurred.

3.1. Local Potential Measurements

Local potential measurements - To investigate the lo-
cal potential, the cell was discharged at different C-rates
(0.1C, 0.5C, 1C, 2C), applying current to terminal 77 while
the terminals T5, T3 and T} are used for potential measure-
ments. In Figure 8 the voltage Ur,, of the different tabs is
shown for 0.1C (a) and 2C (b). For low currents, the po-
tential at all tabs remain contiguous. For higher currents,
the potential difference increases towards lower SOC.

Subtracting the voltage Ur 2, Urs and Ura from the
current carrying tab Upy discloses a non-constant poten-
tial difference between the individual positions as shown
in Figure 9. The difference between the tab voltages could
give implications to local current density distribution and
superimposed redistribution of charge. For low currents as
0.1C, the potential difference at 0% and 100% SOC is con-
stant, but distinct local minima and maxima at different
SOCs in between are measured. The increase in ampli-
tude for increasing distance to 77. At 0.1C, a transient
behavior can be observed within the first 5% SOC dur-
ing discharge. After that, the initial potential drop along
the current collector stabilizes and increases from 13.6 mV
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Figure 8: Discharge voltage Ur,, for a modified cell for 0.1C (a) and
2C (b) measured at the terminals T, (1 <n < 4)

between Upy and Upe to 16.1 mV between Upy; and Ups
and 17.3 mV between Upr; and Ury as shown in Figure 9
a). For higher currents at 0.5C (b), the extrema attenuate
and are superimposed by a negative slope. At 2C (c), the
extrema vanish, except a small local maxima at 2.55 Ah.

The additional voltage difference between U7, and Upy
of 4mV at the local minimum A in Fig 9 a) can be at-
tributed to a difference in the degree of lithiation along the
electrode. LFP features a constant potential vs. Li/Li" in
a wide SOC range [24, 25]. In contrast to LFP, graphite
is characterized by different voltage plateaus and steps,
depending on the degree of lithiation [26, 27]. These char-
acteristics are measurable in the experimental cell and be-
come more pronounced at lower currents. Figure 10 shows
the measured voltage of graphite versus Li/Li™ in a half-
cell during lithiathion with 0.05C with an inset magnifying
the transition from stage-1 (LiCs) to stage-2 (LiC12).

The measured voltage difference AUp;_p4 indicates a
different lithium concentration of the anode at the respec-
tive positions as highlighted. As the current is low, only a
small additional overpotential due to diffusive and kinetic
limitation is measured, reflected in a small but constant
gradient along the whole SOC range. The potential differ-
ence AUri_74 returns to its initial value of 17 mV after
the whole graphite electrode passes the voltage step into
the the next voltage plateau, suggesting only a small SOC
gradient within the cell. With increasing current, the be-
fore mentioned diffusive and kinetic limitations cause ad-
ditional overpotential, dominating the measured voltage.
For a current of 2C the single voltage steps in the anode are
not observable and the potential difference AUr_74 in-
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Figure 9: Potential difference AUr1 72, AUr1_73 and AUy _74
for 0.1C (a), 0.5C (b) and 2C (c)

creases to a maximum value of 536 mV and 193 mV with-
out the potential drop along the current collector respec-
tively, indicating a steep gradient in the current density
distribution along the electrodes.

Figure 11 shows the derivative with respect to time
dU,,/dt of the terminal voltages Uri, Upa, Ursg and Ury as
presented in Figure 8 a) and b) for different C-rates. The
data were recorded every 2 s for all measurements and a
15-point moving average filter was applied to reduce noise
especially at low discharge rates. The voltage derivatives
at the individual tab positions are very similar for 0.1C,
the extrema (A,B,C) occur at the same SOC with only
small derivations in the amplitude. For a current of 0.5C,
the number of extrema decreases significantly and the lo-
cal minimum at A occurs between 0.57 Ah and 1.07 Ah,
but the local minimum C nearly vanishes. For higher cur-
rents as depicted in Figure 11 ¢) for 2C, all derivatives
show a similar shape without extrema and steep gradients
towards high and low SOCs.

For constant current discharge, extrema in the dU, /dt
curves can be interpreted as phase changes in the elec-
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Figure 10: Exemplary half-cell voltage of graphite vs. Li/Lit

trode material as analyzed by Bloom et. al. [28, 29, 30].
As described before, LFP does not have a phase change
in the respective SOC range as it rather reveals a
phase-separating behavior. If all extrema occur nearly at
the same time as seen in Figure 11 a), a simultaneous
phase change along the whole electrode can be expected,
suggesting a homogenous SOC distribution along the
electrodes. With increasing current (e.g. 0.5C Figure 11
b) ), the phase changes are shifted along their position
on the electrode, indicating an increasing non-uniformity
in the SOC distribution with greater distance to the
current tab. Once the current exceeds a certain threshold,
the different phase changes within the anode material
cannot be located, resulting in a U-shaped profile with
steep gradients towards high and low SOCs as pictured in
Figure 11 c).

Voltage relazation behavior - The cells were discharged
with different C-rates (0.5C, 1C, 2C) until the cut-off volt-
age of 2 V was reached at the current carrying tab and the
voltage relaxation behavior at the tabs was recorded every
2 s for 60 min. The voltage differences between the current
terminal 77 and the measurement terminals 7}, during the
relaxation period reveal a swing in the voltage relaxation
behavior within the first 2 min for currents up to 1C, while
it was not observed for a current of 2C (Figure 12). As
the voltage range of the swing is rather small (0.5 mV),
it might still occur at higher C-rate, but is superimposed
by the strong voltage equalization process. The potential
differences AU _79, AUr1_73 and AUp1_74 converge to
zero within less than 12 min, not depending on the applied
discharge current.

This is highlighted in Figure 13, where the derivation of
voltage difference d(AUry_74)/dt allows a comparison of
the voltage relaxation behavior for different applied dis-
charge currents. After 12 min, all d(AUri—_r4)/dt con-
verge to zero, indicating a fast voltage equalization be-
tween the different sections of the electrode. The inlay in
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Figure 11: Differential voltage dUy, /dt for 0.1C (a), 0.5C (b) and 2C
(c) at the terminals T), (1 <n <4)

Figure 13 shows the relaxation behavior of the cell after
the mentioned C-rates. An ongoing voltage relaxation is
observed and the cell has not reached an equilibrium state
after 60 min. The electric properties of the modified cells
can be exemplified by an uneven current load on four single
cells in parallel. While the external equalization currents
in battery packs can be measured [31], the magnitude of
the internal equalization currents can only be estimated.

4. Conclusion

In this work, a new method to measure internal poten-
tials by modification of a commercial cell is shown. The
nearly equidistant tab pattern of that specific cell is uti-
lized as feasible local measurement setup. The impact
of the modification process on the cell performances has
been studied. No loss of capacity was observed for mea-
surements up to a current of 2C after modification. The
increase in internal resistance and the accompanying volt-
age drop during discharge was attributed to the fact, that
the active number of used current tabs has been decreased
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Figure 12: Potential differences AUr _7,, during voltage relaxation
after discharging the cell at 0.5C (a) and 2C (b) until 2 V

from four to one. The modified cells show a good long-
term stability with a capacity loss of 0.84% after 200 and
3.44% after 480 1C cycles respectively, indicating an addi-
tional capacity loss of 0.23 % and 1.88 % to an unmodified
cell. The local potential measurements indicate a strong
variation of the current density distribution. The occur-
ring phase changes in the negative graphite electrode can
be localized for a current of up to 0.5C, but disappear
for higher currents. After discharge, a fast internal volt-
age equalization was observed, leading to constant poten-
tial along the current collector within 12 min even though
the relaxation process of the full cell is still ongoing. The
measured internal battery parameters are used to verify
multi-dimensional simulations and allow detailed analysis
of further internal variables as current density and precise
SOC distributions along the electrodes [32].
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