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Abstract

Partial electrification of vehicle drive trains, for example by the usage of 48 V systems, require high-power batteries
with extreme robustness to temperatures, current rates and energy throughputs. In this study, the application-relevant
lifetime performance of 33 state-of-the-art high-power lithium titanate oxide nickel manganese cobalt oxide (LTO/NMC)
cells is measured under cyclic, calendar, and drive cyclic aging regimes. Regular extended check-ups reveal the cell
performance in terms of capacity loss and internal resistance increase, which allows for the identification of critical
operating conditions. For the first time a passive electrode effect is identified in calendar aging tests of LTO cells in
which the cathode is geometrically and capacitively oversized. Passive electrode areas lead to a change in cell balancing,
which can be illustrated by the shift of the half-cell voltage curves. Generally, the investigated cells show an excellent
cycle stability for shallow cycles, even at high ambient temperatures and high current rates. Only large cycle depths
greater than 70 % at elevated temperatures reduce the battery life significantly. Furthermore, the results show that cells
cycled in areas of low state of charge age faster than in areas of high state of charge. The rise in internal resistance
under calendar aging has the most detrimental influence on lifetime in a 48V battery.
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1. Introduction tering the vehicle market. Especially mild hybrid electric

vehicles (MHEV) equipped with a 48V electrical system

In order to comply with the recent regulations about
are promising for car manufacturers due to their low com-

exhaust gas and particularly COs emissions car manufac-
ponent costs, good integrability and high effort-to-benefit

turers are forced to develop new concepts for the electri-
ratio with regard to COs savings potential [1, 2]. Lithium-

fication of the powertrain. In addition to purely electric
ion batteries used within a 48 V application are exposed to

vehicles, partially electrified models in the form of plug-in,
severe operating conditions, which have been investigated

full hybrid and mild hybrid systems are increasingly en-
in a previous publication [3]. In addition to high temper-
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particular, the use of LTO as anode material offers advan-
tages. This material, known for its ”zero-strain” charac-
teristic, provides extremely high power densities due to its
spinel structure and submicrometer particle size [4, 5]. In
addition, the high voltage plateau (~1.55V to Li/Li") sig-
nificantly reduces the risk of lithium plating. Due to the
high potential, almost no solid electrolyte interface (SEI)
is formed on the surface of the LTO. For this reason, firstly,
no additives are needed to support SEI formation and sec-
ondly, it cannot decompose at elevated temperatures [6, 7].
Both these factors lead to a considerably increased tem-
perature stability of LT O, which results in a high level of
safety [4, 8, 9]. The low energy density is only of minor
importance in high power applications. In general, LTO
offers a high cycle stability, although the gassing behaviour
at high temperatures can be limiting [10, 11].

In principle, few comprehensive aging studies on LTO
cells exist in the literature. Reasons for this are, among
others, the low spread of LTO cells in commercial applica-
tions and the high price of the material [12]. In addition,
aging studies of LTO cells are very time and cost intensive
due to high cycle and calendar lifetimes. For this reason,
cyclic aging has been accelerated using higher C-rates (2 to
10C) and temperatures (20 to 55°C) [10, 13, 14, 15, 16].
All investigations showed a high cycle stability, even at el-
evated temperatures. Hall et al. [13] and Svens et al. [16]
were able to prove that the cathode is the more lifetime-
critical material in the examined cells. Calendar aging
tests also showed an outstanding lifetime of LTO based
cells [16, 17]. Only high temperatures in combination with
high states of charge have been found to shorten the bat-
tery lifetime due to strong gassing behaviour [18]. On the
one hand, this tendency towards gassing is due to para-
sitic reactions of the LTO with the electrolyte. On the
other hand, residual moisture within the electrodes and
the electrolyte, which, for example, originates from the
process of the cell production, leads to increased gassing.

Thus, Fell et al. [18] could prove a correlation between the

residual moisture content and the amount of gas produced
within the cell. All investigations existing in the litera-
ture consider only single, partly arbitrarily chosen operat-
ing parameters for the aging analysis. There is a lack of
holistic, multi-dimensional aging measurements that at-
tempts to cover all essential dependencies of the calendar
and cyclic aging behaviour of LTO-based cells. In addition,
a clear focus on an application-oriented approach with con-
crete reference to a high-performance application, such as
a mild-hybrid system, is needed and necessary.

For this reason, state-of-the-art high power cells are
subjected to various aging tests in an application-oriented
48V context in this work. In particular, the influence of
temperature, current rate, state of charge, cycle depth and
energy throughput are investigated. The cells show out-
standing lifetime performance under synthetic cyclic, cal-
endar and realistic drive cycle conditions. With regard to
cyclic load, high cycle depths and the accompanying low
and high states of charge lead to most rapid aging. Drive
cyclic aging results indicate that the life time requirement
of 200.000 km can be met even under high temperature
loads. For calendar aging at high temperatures (80°C)
a strong gassing behaviour is observed. Interestingly, in
addition to the critical high states of charge frequently
reported in the literature, low states of charge also en-
hance the gas formation in the investigated cells. To our
knowledge, this study is the first to report and explain
the passive electrode effect (PEE) in cells with a geometri-
cally oversized cathode. The PEE affects the availability of
lithium-ions within the active area and thus influences the
balancing of anode and cathode. An explanatory model
is developed that allows for a differentiation of the conse-
quences of floating and non-floating test conditions. Con-
sidering the PEE is particularly important for the study of
stable LTO-based cells, in which under normal operating
conditions of up to 60 °C hardly any loss of capacity as a
result of calendar aging can be observed. Here, neglect-

ing the PEE can lead to significant misinterpretations and



incorrect state-of-health predictions.

The following parts of this paper are organized as fol-
lows: Section 2 describes the scope and implementation of
the aging tests including the regular check-up. Further-
more, the theory behind the PEE is explained. Based on
the extensive aging tests, Section 3 analyses the operating
parameters with regard to their impact on the calendar
and cyclic cell life. A discussion of the findings and an
evaluation of the criticality with respect to a 48 V applica-
tion conclude this section. Finally, a summary is presented

in Section 4 and further research questions are raised.

2. Experimental

In this work the aging behavior of 33 pouch cells was
examined. The active material of the investigated 10.6 Ah
cells is LTO on anode side and NMC on cathode side. The
characteristic open circuit voltage (OCV) curve, measured
at 25°C, is shown in Figure la. Compared to cells with
graphite anodes, no noticeable plateaus are visible [19]. In
terms of active material and electrolyte composition, the
cell is designed for extremely high currents and a wide
temperature window. The high available pulse currents of
more than 50 C in charge and discharge direction are ideal
for high power applications, such as a 48 V application in
a MHEV. An overview of the data sheet of the cell is given
in Table 1.

Table 1: Cell specifications according to the manufacturer’s data

sheet.

Nominal Capacity [Ah] 10.6

Cell Format Pouch

Cathode Active Material NMC

Anode Active Material LTO
Nominal Voltage [V] 2.2

Upper Voltage Limit [V] 2.65
Lower Voltage Limit [V] 1.9
Max. Pulse Discharge Current ([A], 1s) 760
Max. Pulse Charge Current ([A], 1s) 520
Operating Temperature [°C] -30 - +70

All cells were tested in between two aluminum brac-
ing plates under the pressure specified by the manufac-
turer. To increase the accuracy and taking into account
the low internal resistance of the cell, all measurements
were carried out using a 4-pole measuring principle. The
cell temperature was determined using two type K sensor
in the middle of the cell and between the cell tabs. For this
purpose, the aluminum bracing plates were provided with
small cutouts. These cutouts were leveled out with filler
to prevent inhomogenities. An overview of the measuring
equipment is provided in Table 2.

Table 2: Technical data of the measuring equipment used for the

aging tests.

Test routine Devices

Checkups

Digatron MCT 300-06-4(3)ME
Neware CT-4008-5V 100A-NA
Rohde & Schwarz HMP4040
Binder model MK 240

Cyclic aging tests
Calendar aging tests

Climate chamber

The calendar, cyclic and drive cyclic aging matrices on
which this analysis is based were defined in the work of
Bank et al. [3]. For the definition, real-world 48V bat-
tery data were examined and application-specific operat-
ing points identified. The aging matrices published by
Schmalstieg et al. [20] served as a basis. In addition to the
tests defined in [3], further measurements aim to quan-
tify the voltage dependency of the cyclic aging behavior
with different cycle depths and average states of charge.
These complementary tests were performed with six cells,
two per operating condition. In all other tests, one cell
is tested due to the availability of test benches and cells.
However, high quality and uniformity can be assumed due
to the commercial availability of the cell. Therefore, the
begin-of-life condition in terms of capacity and resistance
of all investigated cells is shown in Figure 1b. Based on
the initial capacity, the cells vary by 2.3%. The varia-
tion in internal resistance is significantly higher at 17.7 %,
but within the range specified by the cell manufacturer.

No noticeable influence with regard to the following aging
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Figure 1: a) OCV curve for a new cell at 25°C. b) Overview of the performance of all tested cells in terms of discharge capacity (1 C, constant

current) and resistance (5C, 1s, 50 % SOC) prior to test start. The variation in capacity is much larger than the variation in resistance.

tests could be found. All aging tests were carried out in
accordance with the conditions of use specified by the cell

manufacturer.

2.1. Calendar aging

The calendar aging tests focus on the investigation of
dependencies regarding temperature and state of charge.
Both are of particular importance in terms of the under-
lying 48 V application. In Table 3 the calendar aging ma-
trix is shown. The exclusive consideration of temperatures
greater than or equal to 40°C is due to the conditions
within the 48 V application and the limited test time in
combination with the excellent life times of LTO cells. A
check-up is carried out every 30 days to determine the
aging progress. The cell voltage during storage is kept
constant. This floating current condition is achieved by a
test configuration, which was used similar by Lewerenz et
al. [21]. The SOC setting after every check-up is based on

the latest measured capacity and is done Ah-based.

2.2. Cyclic and drive cyclic aging

The cyclic aging tests aim to investigate dependencies
with respect to cycle depth and current rate. An overview

of all test conditions is shown in Table 4. The mean SOC

Table 3: Defined calendar aging matrix based on the investigation

of the real-world 48 V system data.

T/SOC 5% 20% 55% 70% 90% 95%
40°C X X X
60°C X X X X X X
80°C X X X

for all cycle depths smaller than 100 % is 55 % and is ap-
proached via constant-voltage step. Cyclization around
this SOC takes place Ah-based, with a reset of the mean
SOC every 20 equivalent full cycles. All cyclization pro-
files consist exclusively of constant-current charging and
discharging processes. The asterisk (*) indicates an op-
erating point at which two cells are tested. One cell is
cycled at 5C/5C and 70 % cycle depth. The load profile of
the other cell is expanded by a sawtooth profile, so that
every change of 4% state of charge is superimposed by a
microcycle of 2% in the opposite direction. The aim is
to get a better understanding of overlapping aging effects
and to generate essential knowledge regarding battery life-
time in dynamic real-world applications. After every 500
equivalent full cycles a check-up is performed.

In addition, as mentioned above, further cyclic aging

tests have been defined to investigate the criticality of the



Table 4: Cyclic aging matrix based on the investigation of the real-
world 48 V system data. Cyclization at cycle depths less than 100 %
takes place at an average SOC of 55%. At (*) an additional cell is
loaded with a sawtooth profile, which overlaps a microcycle of 2%

every 4% SOC change.

2C/2C
40°C  60°C

5C/5C
40°C  60°C

10C/10C
40°C  60°C

Current
ADOD/T
100 %
70 % X

20%
10 %
5% X
2%

X*

KKK o ok M

upper and lower voltage ranges. For this purpose, 6 cells, 2
per test condition, were cycled in different voltage windows
at 5C/5C and 60 °C. The test conditions can be taken from
Table 5. Every 250 cycles the cell performance was checked
using a shortened checkup. The general sequence of the
checkups and the differences are described in the following
section.

Table 5: Additional cyclic aging tests to investigate the aging be-
havior at low and high states of charge in combination with different

cycle depths. The listed charge and discharge voltages define the

limits of the constant current step.

Ulower/Uupper 24V 25V 265V
20V X
2.1V X X

To validate the cyclic and calendar aging tests and for
a realistic prognosis regarding the battery lifetime within
a 48V application, 3 cells are loaded with a driving cycle
at different temperatures. The cycle includes a combina-
tion of real battery loads during city, country and high-
way driving and has a duration of 16 hours. With the
variable temperature profile a temperature level between
20 and 60 °C is set weekly. A total of 10 temperature lev-
els are tested with an average temperature of 37.3°C. As
Ah neutrality cannot be guaranteed due to the cycle itself

and measurement inaccuracies, a SOC reset is performed

after each drive cycle. A checkup is performed every 32

cycles. The results of the drive cyclic aging can be used in
a further step for the verification of an aging model, even

though this is not content of this work.

Table 6: The drive cyclic aging profile is based on real-world 48 V bat-
tery data. The superimposed variable temperature profile consists
of 10 temperature stages between 20 and 60 °C, which are changing

weekly.

T 40°C 60°C variable

2.3. Check-ups

Check-ups are carried out at defined intervals to mon-
itor the aging behaviour. The entire measurement routine
is carried out at 25°C. An exemplary voltage curve of
a check-up is shown in Figure 2. At the beginning of the
check-up, the examined cell is charged with a constant cur-
rent of 1 C to 2.65V followed by a constant voltage step
until the current falls below 1/50 C. Then a capacity test
is performed in discharge and charge direction with a con-
stant current of 1C, concluded with a constant voltage
step. A quasi-OCV (qOCV) at 1/8 C is performed for fur-
ther electrical studies, followed by another capacity test at
1C [22]. The deviations from the qOCV to a real OCV
can be assumed to be very small considering the low cur-
rent rate in combination with the extremely low internal

cell resistance [23].
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Figure 2: Exemplary voltage profile of a cell during the check-up.



At 50% SOC a pulse power characterization profile
(PPCP) is carried out. First, a charge and a discharge
pulse are applied to the cell for 20 seconds with a 15 minute
rest in between. After another 15-minute rest period, a se-
quence of charge and discharge pulses with current rates
of 2C, 5C, 10C, 20C and 25C and a pulse duration of
10 seconds is applied with a directly connected equalizing
charge of 1 C. The relaxation time between the respective
pulses is 15 minutes. In this work the analysis of the inter-
nal resistance increase is based on the 5 C pulse behaviour,
which is evaluated after 1s pulse duration. To calculate
the internal resistance, the difference between the cell volt-
age before the pulse and 1s after the start of the pulse is
divided by the applied current. All data concerning the
capacity retention refer to the usable capacity in the first
capacity test in discharge direction within the constant

current phase.

3. Results and discussion

The following chapter shows the results of a subset of
the aging tests described above. Due to the large number
of tests and the high cycle and temperature robustness of
LTO-based cells, only results important and meaningful
for the analysis are shown. Furthermore, the reported find-
ings are primarily empirical, thus concrete correlations be-
tween performance data and ageing mechanisms can only
be addressed by subsequent, separate investigations. For
a general, comprehensive overview of possible aging pro-
cesses and their effects on cell performance, please refer to

the following reviews [24, 25, 26].

3.1. Calendar aging

SOC dependence. With regard to capacity retention over
aging, the examined cells exhibit a strong dependence on
the storage SOC at which the test was performed. Fig-
ure 3a shows the remaining capacity of the cells stored at
60 °C and different SOC. During the first check-up, a delta
of 4% between the best (5% SOC) and worst (95 % SOC)

performing cell is found with respect to the initial capac-
ity. Up to a test duration of about 100 days this difference
increases and reaches a maximum value of over 5%. The
difference in capacity is larger than the 2.3% spread of
cell capacity at the beginning of the tests. Especially the
rise of usable capacity cannot be explained by common
aging mechanisms. The sequence of the residual capac-
ity curves corresponds in exact order to the storage SOCs
under floating conditions. Over the period under consid-
eration, low SOCs lead to an increase and high SOCs to a
decrease in residual capacity. Considering the aging trend
over time, the LTO/NMC cells behave very stable despite
high temperatures and perform significantly better than
other cells reported in the literature [15]. Even after more
than 300 days, no degradation behaviour in terms of ca-
pacity is recognizable in cells with a SOC smaller than
70 %. The results illustrate the challenge of aging tests of
LTO-based cells in terms of time requirements and speed-
up possibilities.

Regarding the internal resistances, as shown in Fig-
ure 3b, an increase between 6 to 14.5 % is observed. Here,
the internal resistances of the cells with medium SOC have
increased the most and those of the cells with low SOC
the least. It is difficult to make a general statement re-
garding this observation, since the deviations between the
individual cells with similar SOC are high and measure-
ment inaccuracies due to the very low internal resistances
of high-power cells may have a great influence. Never-
theless, the calendar aging tests at 60°C emphasize that
the cells are very well suited for applications where high
temperatures over long periods of time occur. Under the
assumption of an end of life at 150 % relative internal re-
sistance and a linear aging trend, a battery life of 3 years
is realistic. A conspicuous gassing behaviour could not be
determined, but is difficult to detect optically due to the

test setup and is not subject of this work.
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Figure 3: a) Normalized capacity over time and b) normalized resistance over time for calendar aging tests at 60°C and different SOC.

Depending on the storage SOC during the aging tests, the remaining capacity in the first check-up changes significantly. High SOCs lead

to a decrease and small SOCs cause an increase of the residual capacity. Only for cells with 90 % and 95 % an approximately linear ageing

behaviour is observed after 50 days. The internal resistance of all cells increases, but no distinct SOC-dependent differences can be identified.

¢) Schematic representation of the geometric arrangement within the cell. The cathode is geometrically oversized on all sides compared to the

anode. All sheets are coated on both sides, whereby anode sheets represent the first and last layer of the cell. All areas that are not actively

involved in charge and discharge processes are declared as passive areas. d) Capacity added in the CV step of the charging step of the first

capacity test. With increasing storage SOC, this capacity rises sharply. Decisive for the magnitude is the homogeneity of the lithiation of the

cathode.

3.1.1. Passive electrode effect

Several aging studies in the past showed unexpected
capacity rises and drops in the first check-ups, similar to
those described above. The large majority of these phe-
nomena can be explained by the anode overhang or, in a
broader sense, the PEE, which has already been postu-
lated by various authors [27, 28, 29]. According to these

publications, this effect occurs if the graphite anode is ge-

ometrically oversized compared to the opposing cathode.
This dimensioning provides a reserve in case of production-
related inaccuracies, for example during the stacking pro-
cess of the electrodes [30]. It ensures that the cathode is al-
ways opposite an anode area. Thus, the danger of lithium
plating due to excessive accumulation of lithium-ions in
the edge areas is reduced [27]. However, the overlapping

passive anode material can cause lithium-ion flow from the



active to the passive area and vice versa. The strength and
direction of this balancing process depends on the voltage
difference between the two areas. Depending on the half-
cell potential of the graphite and the location on a plateau
or a variable flank, different gradients occur. As a result,
the lack or excess of lithium-ions in the active area of the
anode lead to a decrease or increase in usable capacity.
This effect is completely reversible, since these lithium-
ions are available for further intercalation processes.

The cell investigated in this work represents a novelty
and thus an extension of the prevailing theory in two as-
pects. In Figure 3c a schematic illustration of the inner
cell geometry is shown. A distinction is to be made be-
tween two different areas which do not actively participate
in charge and discharge processes and thus also in capacity
determination. On the one hand there is an edge area of
the cathode, which is directly connected to the active area
of the cathode and is a few millimeters wide. Since LTO-
based cells exhibit an extremely low lithium plating risk
and LTO material is likely to be more costly than NMC
material, the anode is dimensioned smaller. On the other
hand, double-sided coated anode sheets are used within
the whole cell. Therefore, the anode side facing the pouch
foil at the beginning and end of the cell stack is only in-
directly involved in the lithiation processes. Based on the
geometric conditions within the cell, the anode and cath-
ode overhang result in different diffusion paths for equal-
ization processes. Within the cathode the diffusion path
into the passive region is short, whereas large distances
of several centimeters must be bridged by solid and elec-
trolyte diffusion in the case of the anode. This leads to
the assumption that two individual time constants result
for the speed of the compensation processes.

As can be deducted from the data in Figure 3, the
impact of the PEE is quite large for the given cell. Ac-
cording to the formula published by Lewerenz et al. [2§],

the following value results for the cathode overhang:

A . .
Dlactivepassive 549 (1)

Share Of PECathode =
ACacLive

Here Ac, i opassive Tefers to the total area and Ac,,,. to
the active area of a cathode sheet. The anode overhang
can be calculated by the ratio of numbers of anode sheets
Ny and cathode sheets N¢., . .,.:

sheets

N,
— Asheel.s _ 1 ~ 2% (2)

Share of PE Anode
Ncsheel.s

How these overhangs affect the capacitive performance
of the cells is shown qualitatively in Figure 4 using the half-
cell voltage curves. As with the tested cells, a completely
relaxed system with approximately 30 % SOC is assumed
as initial condition. The adjustment of the storage SOC
to 95 % only affects the active areas of cathode and anode
at first. The concentration and voltage gradient between
the active and passive regions of the cathode results in a
balancing ion flow, which increases the charge of the ac-
tive cathode material. A distinction must be made in this
context between calendar aging tests under floating and
non-floating condition. Since there is an electrical connec-
tion between the anode and cathode in the case of floated
cells, an external current flow can occur. As the potential
of the active cathode area decreases, the potential and thus
the state of charge of the anode must increase to maintain
the externally applied full cell voltage. This takes place via
a current flow from anode to cathode respectively an ion
flow from cathode to anode, which is monitored as float-
ing current. The entire process leads to a change in charge
of anode and cathode, which corresponds to a shift of the
half-cell voltage curves. This shift, taking into account the
upper and lower cell voltage limits, leads to significantly
lower extractable capacity in the second check-up. In the
case of non-floating test conditions, the equalization pro-
cess only takes place on the cathode side, thus causing a
shift of the half-cell potential. However, this ultimately
has similar effects on the available cell capacity.

The overall influence of the passive area of the anode is

most likely to be low, not only because of the small propor-
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using anode and cathode potential curves. A fully relaxed system is assumed for the first check-up. At the beginning of calendar aging the

examined cells are at approximately 30 % SOC. An increase of the cell SOC leads to a concentration and voltage gradient between the active

and passive area and a lithium-ion flow from the passive to the active area. Depending on the test procedure (floating, non-floating), one or

both potential curves shift and thus reduce the discharge capacity in the defined operating voltage window.

tion of 2%. On the one hand, the potential of the LTO is
nearly constant over the entire operating window, so that
balancing processes between the active and passive areas
of the anode are small. On the other hand, the aforemen-
tioned long diffusion paths have an inhibiting effect.

The half-cell voltage curve of the cathode is decisive
for the majority of the equalization processes within the
cell. Since NMC vs. Li/Li* has no potential plateaus com-
pared to graphite considered in previous works, the influ-
ence increases strictly monotonically with increasing differ-
ence between storage SOC before test and during test [28,
29]. This results in a distinct arrangement of the capac-
ity curves for the examined cells according to their stor-
age SOCs during the test. As becomes apparent from
the level of the capacity differences and the correspond-

ing SOC level, the intensity increases in the higher SOC

boundary area, where the OCV of the full cell has a steep
gradient.

Additionally, the passive area of the cathode has an
effect on the homogeneity of the degree of lithiation of the
active cathode area. An indicator of this is the capac-
ity that is charged into the cell during a constant voltage
phase. In Figure 3d the capacity measured in the constant
voltage phase of the charge in the first capacity test of
the check-up are illustrated for the calendar aging tests at
60 °C. For all cells nearly identical values can be observed
in the first check-up due to the similar SOC start value.
From the second check-up onwards, depending on the stor-
age SOC large differences in CV capacities are observed.
Particularly noticeable are high storage SOCs, which re-
quire the largest CV phase. This can be explained by the

degree of lithiation of the passive cathode area. For the



calendar aging test with high SOC, the degree of lithiation
of the passive cathode regions is low. During the capac-
ity test the anode is discharged and the active area of
the cathode is charged. Due to the high potential differ-
ence between lithiated and delithiated cathode material,
the passive edge region of the cathode facing the active re-
gion is slightly charged. In addition, during the 30-minute
break, further ions diffuse into the passive area, further
reducing the degree of lithiation in the edge area of the
active NMC part and thus increasing the inhomogeneity.
During the subsequent charging phase, the anode cannot
be lithiated over its entire surface until the cut-off volt-
age is locally reached, so that a more extensive CV phase
is necessary. As Grimsmann et al. [31] theoretically ex-
plained for graphite-based cells as well as demonstrated
by cell openings, these local inhomogeneities in the active
edge areas of the graphite material can lead to lithium
plating and thus to significantly shortened cell lifetimes.
Due to the high stability of the LTO and the capacitive
oversizing of the NMC, no strong influence on aging is to
be expected from the shift of the used potential ranges.
This is consistent with the available measurement data.

Regarding the internal resistance the PEE has no quan-
tifiable influence. On the one hand, at high temperatures
prevailing in the test, the equalization process is largely
completed by the second check-up. On the other hand, the
internal resistance of the tested LTO/NMC cell is nearly
SOC independent in the SOC range between 5 % and 95 %
at 25°C.

For a systematically analysis of cell aging, the PEE
must be considered and quantified in the test design. At
best, the cells have to be long-time stored at a defined stor-
age SOC prior to test start, if no information on the history
of the cells is available. If a determination of the geomet-
ric arrangement within the cell is impossible, methodolo-
gies as described by Lewerenz et al. [32] and Warnecke et
al. [33] enable a rough quantification of the share of pas-

sive area. In the application context, the resulting inac-
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curacies can cause significant misjudgments regarding the
remaining capacity. However, it should be mentioned at
this point that the standard transport of lithium-ion bat-
teries is carried out at SOCs between 30 % and 50 % and
that the average SOC in application operation is often in
the medium SOC range. This leads to lower deviations
and calculation errors. To reduce the impact of the PEE,

one goal of cell design should be to minimize the overhang.

3.1.2. Temperature dependence

The examined LTO/NMC cells show a clear tempera-
ture dependency only with regard to the increase in inter-
nal resistance. As shown in Figure 5a, the cells perform
identically at 40°C and 60°C in terms of capacity reten-
tion. After more than 300 days of testing, approximately
100 % of the initial capacity is still available. The capac-
ity of the cell stored at 80°C increases to about 105 %
before the cell had to be removed from the test due to
bursting of the pouch bag, caused by strong gassing be-
haviour. The PEE does not explain the sharp and con-
tinuous rise in capacity for two reasons. Firstly, all 3
cells had a similar initial state between 2.11 to 2.124V
before the test started. Secondly, according to the theory
of the PEE, the subsequent calendar aging phase at 55 %,
which corresponds approximately to 2.2V, should lead to
a slight decrease in available capacity. In the examined
cell, the LTO material determines the cell capacity due to
the cell balancing. Perhaps the gassing behavior causes
increased pressure within the LTO active material and in
consequence cracking, which leads to an increase of the
active surface area (‘electrochemical milling’) [34, 35, 36].
A permanent structural change of the LTO material due
to the high ambient temperature may also be conceivable.
Further investigations will try to substantiate the observed
behaviour.

Regarding the internal resistance increase, presented
in Figure 5b, the 3 tested cells indicate significant differ-

ences depending on the storage temperature. The inter-
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temperatures.

Only the cell at 80 °C shows a change in capacity. The resulting internal resistances suggest a temperature dependency.

¢) Normalized capacity over time and d) normalized resistance over time for calendar aging tests at 80 °C and different SOC. Due to strong

gassing behavior, all three cells show a large increase in internal resistance. The cells were removed from the test after the pouch bag film

had burst.

nal resistance of the cell at 40 °C increases by 5% in the
observation period of 240 days, at 60°C by 14% and at
80 °C after 120 days even by 35 %. Considering the strong
gassing behaviour of the cell at 80°C up to venting, the
internal resistance increase is low and a good cell perfor-
mance is still given. The continuous compression of the
cells allows a large part of the gases produced to be dis-
placed into the peripheral areas where the gas reservoirs
are located. Assuming an Arrhenius dependency, the rela-

tionship between temperature and internal resistance rise
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is usable for aging simulations and lifetime predictions.

3.1.8. Cell performance under severely high temperatures

At very high temperatures the LTO/NMC cells SOC
independently show a strong gassing behaviour, with both
the upper and lower SOC range being particularly critical.
Figure 5c¢ and d show the capacity and internal resistance
curves of the cells stored at 80 °C. As 80 °C corresponds to
the highest storage temperature approved by the cell man-
ufacturer, it is not to be described as an abuse scenario.

In the first 60 days, both the PEE and the previously de-



scribed abnormal behaviour at 55 % SOC predominate in
relation to the residual capacity. At this point, the capaci-
ties of the cells stored at 5 % SOC and 95 % SOC decrease
significantly. A possible reason for this could be a loss of
contact within the cell caused by gassing [24]. This loss
of contact could be caused by electrolyte displacement on
the one hand and by cracking of the active material on
the other hand. This theory coincides with the significant
increase in internal resistance from 60 days test duration
for cells with 5% SOC and 95 % SOC. For these two cells
a direct correlation between residual capacity and inter-
nal resistance increase exists. With respect to the internal
resistance, the cell stored at 55 % SOC appears to be the
least noticeable.

As already postulated in [8, 37|, the results suggest
that different gassing reactions take place within the cell
depending on the state of charge. However, such a strong
gassing in low SOC areas has not been observed so far. It
remains to be investigated which electrochemical reaction
at which of the two active materials is mainly responsible
for the detected gassing behaviour. Generally, when us-
ing the cells in an application, temperatures beyond 70 °C
should be avoided for safety reasons in order to prevent the
cells from swelling or, in extreme cases, venting. In addi-
tion to high states of charge, which are often described as
critical to the battery life time, the focus should also be
on low states of charge in combination with high temper-

atures and taken into account in the operating strategy.

3.2. Cyclic aging

In the following observations, mostly results of the change
in residual capacities are shown. This is due to the fact
that the measured internal resistances often do not show
a clear aging trend. Especially the cyclic aging tests at
40°C do not lead to a significant increase of the internal
resistance. In addition, despite the 4-pole measuring prin-
ciple, measuring inaccuracies are still present due to the

extremely low internal resistances of the LTO/NMC cells.
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The number of equivalent full cycles is calculated on the
basis of the available capacity in the first check-up before
test start. All cycle tests, including the SOC setting at
test start and at SOC reset, were Ah-based. The initial
loss of capacity observed in all tests from Table 4 is, to
our knowledge, attributable to the PEE. The cells in these
cyclic aging tests had a state of charge between 2.111 to
2.124V prior to test start, so that at an average SOC of
50 % or 55 % an initial drop in usable capacity is expected.
For this reason, the phenomenon is not addressed in every

illustration.

3.2.1. Influence of cycle depth on cell aging

Despite the ”zero-strain” property of LTO, the aging
behavior of the examined cells reveals a clear dependence
on the cycle depth. For 40 °C and 60 °C the residual capac-
ity curves for different cycle depths are shown in Figure 6a
and b. For the 40 °C tests (see Figure 6a), significant differ-
ences between the cycle depths 100 %, 70 % and the rest
are apparent. Small cycle depths (ADOD < 20%) only
lead to a slight loss of capacity, whereas full cycles ac-
celerate the aging process by a large factor. Taking into
account an end-of-life criterion for the remaining capac-
ity of 80 %, the cell with 100 % ADOD has an estimated
cycle life of approximately 20,000 equivalent full cycles.
This number is considerable under the present boundary
conditions (40°C, 5C/5C, 100 % ADOD).

At 60 °C, see Figure 6b, the cell at 70 % ages in a com-
parable order of magnitude. Interestingly, the cell with a
cycle depth of 70 % and an overlaid sawtooth profile of 2 %
ADOD shows a significantly lower aging rate. Neverthe-
less, this rate is stronger than that of the cell cycled at 5 %
DOD. On the one hand, this demonstrates that lower cy-
cle depths generally lead to lower stress for the examined
cell. On the other hand, it allows the assumption that the
cell exhibits an SOC dependent aging behavior at least in
the range between 20 % and 90 %. A more detailed con-

sideration of this will be presented in the further course of



——2% DOD ——5% DOD 10% DOD
20% DOD —— 70% DOD —&- 100% DOD

5% DOD
—4—70% DOD
—4— 70% DOD + Sawtooth 2% DOD

a) b)
1008 1004 T T
N =X a
~ ~
= 9 . = 9 .
e §
g g
T 9 y z 90 -
—~ —~
iey Z
3 B
o 85 1 =} 85 B ]
S S
80 | | | 80 | | |
0 5,000 10,000 15,000 20,000 0 5,000 10,000 15,000 20,000
Equivalent fullcycles Equivalent fullcycles
40°C 2C/2C =+ 40°C 5C/5C =+ 60°C 5C/5C = += 60°C 10C/10C
c) d)
100 T T T x 130 T T T
< P
~ =
5 98 i3 . g 120 .
Z RRETImIS: g
3] * =
° 96 - . = = 110 .
£ e O LTI E
3} k=
T 94| = o 1001 -
S 3
3
92 | | | é 90 | | |
0 4,000 8,000 12,000 16,000 0 4,000 8,000 12,000 16,000

Equivalent fullcycles

Equivalent fullcycles

Figure 6: Normalized capacity over time for calendar aging tests with different cycle depths at a) 40°C and b) 60 °C. With increasing cycle

depths the impact on the aging behavior in terms of capacity degradation rises. c¢) Normalized capacity and d) normalized resistance over

equivalent fullcycles cyclic aging tests at 40 °C and 60 °C with three different current rates and 5% ADOD. An influence of the current rate

as well as the temperature on the aging behaviour is noticeable. The self-heating of the cells is very low due to low internal resistances and

good heat dissipation via the pressure plates.

this work. The LTO/NMC cell offers an excellent life time
when cycled in medium SOC ranges (SOCppean). However,
the results illustrate the difficulties associated with aging
tests of LTO-based cells. Despite an operating point just
below the maximum allowed temperature limit (70°C at
cyclization), high current testing is necessary to allow a
test period of a few months to a few years. This leads to
high costs for test bench occupation and also requires par-

allelisation of test equipment, depending on the cell size.
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3.2.2. Influence of current rate on cell aging

Based on the existing results, the stress factor current
cannot be clearly classified as life time shortening. In Fig-
ure 6¢ the remaining capacity of two cells is shown, which
were loaded with two C-rates each and two different test
temperatures at 5% ADOD. The capacity loss after the
first capacity drop caused by the PEE can be described
as approximately linear for all cells. After 12,000 equiva-

lent full cycles, the 10C/10C current load causes approx-



imately 20 % more capacity loss than the 5C/5C cycles,
however, this corresponds only to 1% capacity difference.
The different self-heating of the cells at the various current
rates must be taken into account. These were 0 to 2°C at
2C/2C, 2 to 4°C at 5C/5C and 4 to 6°C at 10C/10C.
As shown in Figure 5a, this difference should not have a
significant effect on the capacitive cell aging.

Regarding the internal resistance, see Figure 6d, the
findings are similar. The increase in internal resistance
does not exceed the calendar aging effect shown in Figure
5b over the period under consideration. Nevertheless, the
10C/10C seem to lead to a stronger increase compared to
the 5C/5C at 60°C. It is possible that cyclization could
lead to greater current dependence at greater cycle depths,
since the probability of concentration gradients in the ac-
tive material increases. Nevertheless, the results are highly
interesting in the application context and demonstrate the
suitability of the investigated LTO/NMC cells for dynamic
high-performance applications. Furthermore, the superior
resistance to high current rates allows for accelerated aging

tests in terms of overall energy throughput.

3.2.8. Influence of voltage level on cell aging

Low voltage ranges cause severe aging of the examined
cells and should be considered at least as critical as high
voltage ranges. As can be seen in Figure 7, the cells in the
lower voltage range (2.0 to 2.4 V) show the strongest aging
trend. As with calendar aging at low SOCs, the reason for
this behavior is not clear. In the literature, accelerated
ageing is often associated with high states of charge at cell
level. This is reported for both lithiated LTO and delithi-
ated NMC. Both states possess an increased reactivity and
thus accelerate possible side reactions [8, 38]. However,
first results of cell openings show significant cover layers
on both electrodes even at low SOCs and elevated temper-
atures. Further investigations will try to characterize the
SEI respectively electrolyte decomposition products and

thus to find the cause of the accelerated aging behavior.
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The PEE is clearly evident in the results presented. All
cells in this test were stored at about 5% SOC before test
start. The differences of the cells cycled between 2.0 and
2.4V in the first 500 cycles are due to an unintentional full
charge phase of 2.5 and 4 days respectively prior to test
start. This emphasizes the importance of the consideration
of the cell history. Otherwise, misjudgements of in this
case almost 4 % capacity difference are possible after a few
hundred cycles. Therefore, if the history of the cells is
unclear and a PEE could potentially be present, the aging
trend should always be taken into account, neglecting the
initial drop.

The upper cut-off voltage seems to have little influence
on the aging rate. From the 1000th equivalent full cycle on,
the cells with an upper voltage limit of 2.5 or 2.65V age
almost identical. With regard to the change in internal

resistance, no differentiation between the tested voltage

ranges is possible, partially because of the high scattering.

3.2.4. Aging by drive cycle

Aging with real drive cycles illustrates the positive ef-
fect of small cycle depths on the remaining cell capacity.
As shown in Figure 8a, the three tested cells exhibit a
similar capacity loss of less than 3% after almost 10,000
equivalent full cycles. On the one hand, this temperature-
independence of the capacitive aging behavior corresponds
to the results in Figure 5a. On the other hand, the aging
impact of high pulse currents in connection with low cy-
cle depths is small for the investigated LTO/NMC cells.
Thus, achieving the application-relevant lifetime require-
ment of more than 27,000 equivalent full cycles, see [3], is
not critical. The PEE described above is minor, since the
cells were cycled on average in the middle SOC range and
were previously stored at approximately 30 % SOC.

The increase of the internal resistance is temperature-
dependent and life-time-critical and should therefore be
a prioritized criterion in battery development. All three

cells experience a rise in internal resistance with increas-
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critical. No distinct statement can be made regarding the increase in internal resistance.

ing number of equivalent full cycles shown in Figure 8b.
The internal resistance of the cell at 60 °C increases about
3 times as much as the internal resistance of the cell at
40°C. The reason for this may be accelerated and addi-
tional side reactions, which can lead, for example, to the
formation of a covering layer on the electrodes or gassing.
Since the results of the calendar aging tests, see Figure 5b,
were quite similar, the cyclic stress seems to have only a
negligible effect on the internal resistance. Interestingly,
the cell with the variable temperature profile shows the
largest increase, although the average temperature in this
profile is below 40°C. No explanation for this could be
found so far. Perhaps the temperature changes have a
negative effect on degradation. To exclude the risk of the
cell being an outlier, additional measurements need to be
carried out. Under the condition of a maximum increase
of 50 % over the battery life and the assumption of a lin-
ear progression, 27,000 equivalent full cycles are realistic.
Depending on the ambient temperature within the appli-
cation, special attention must therefore be paid to the in-

ternal resistance in the development process.
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3.3. Resulting implications for 48V applications

For the application-based context, the results of the
aging tests have several, mostly positive, implications. On
the one hand, it could be shown that small cycle depths,
as they occur predominantly in 48 V applications, have a
negligible impact on cell aging. No explicit deterioration
in cell performance can be detected after deduction of cal-
endar aging. In addition, other stress factors such as high
current rates and high energy throughputs have a low influ-
ence on aging. It must be ensured that low and high states
of charge are avoided, as these accelerate the aging pro-
cess and, depending on the ambient temperature, gassing
reactions. In spite of the high temperature stability of the
tested cells, the ambient temperature in the application is
decisive with regard to the increase in internal resistance.
For this reason, special attention must be paid to the ex-
pected battery temperature in the development process.
The high capacitive stability of the LTO/NMC cells can
be used to minimize capacitive reserves, which serve to
achieve the defined end-of-life performance. For example,
a 10 % reduction of the nominal capacity could be consid-
ered while simultaneously increasing the frequently used

80 % end-of-life requirement. The opposite applies to the
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cells at 40°C and 60 °C show a clear influence of temperature. The
increased aging behaviour of the cell with variable temperature pro-

file is surprising and cannot be explained so far.

internal resistance according to the illustrated cycle life re-
sults. When designing the cell it is essential to ensure that
the end-of-life performance defined for the application is
guaranteed. Since the calendar aging represents the more
severe challenge for the examined cell in the application-
related operation, relevant stress factors have to be min-
imized or greater reserves have to be ensured. It may be
necessary to improve the battery cooling or to make cell-
specific changes. The latter can be achieved by reducing

the layer thickness of the electrodes or the thickness of the
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separator.

4. Summary and Outlook

Quantifying the influential parameters relevant for bat-
tery aging in an 48 V system is necessary for a large-scale
and error-free application in the vehicle. In this work, 33
state-of-the-art LTO/NMC cells were exposed to cyclic,
calendar and drive cyclic aging regimes. The chosen load
scenarios were derived previously from real vehicle data
and therefore cover the application-relevant operating con-
ditions of the cells in the vehicle.

The calendar aging tests indicated little to no loss of
capacity at temperatures of less than or equal to 60°C
independent of the SOC. If a change in capacity was ob-
served in the first weeks of the test, this was predominantly
caused by the PEE. Importantly, the PEE is for the first
time reported in a cell with geometrically oversized cath-
odes. A theoretical and descriptive explanatory model is
presented, which highlights the unavoidable relocation of
lithium-ions into and out of passive electrode areas. This
relocation alters the initial cell balancing and thus explains
the reversible loss or increase of capacity. The presented
argumentation is transferable to graphite-based cells and
shows, for example, the increased risk for lithium plating
due to CV phases during cyclization.

Storage of cells at extremely high temperatures (80 °C)
led to a strong gassing behavior, which occurred both at
high and low states of charge. The latter has not been
reported in the literature previously. In addition, under
systematic cycling at lower voltage ranges a greater loss
of capacity was observed. This confirmed the assumption
that operation at lower voltage ranges triggers special ag-
ing processes.

Exposure to real drive cycles demonstrated the capac-
itive stability of the LTO/NMC cells. An increase in in-
ternal resistance, which was mainly influenced by calendar
aging at high temperatures, was the lifetime-determining

factor. Thus, with respect to cell development for a 48 V



system, special attention must be paid to performance ful-
fillment at end-of-life.

In a next step, the aging results from this publication
will serve as a data base for a parameterization of a semi-
empirical aging model. This will cover an open niche in the
field of aging models for high power cells and in particular
LTO/NMC based cells. Especially with regard to the PEE,
a concrete breakdown of the impacts of cathode and anode
is needed. In addition, it remains to be investigated how
rapidly the concentration gradient between the active and
passive area equalizes and how the effect can be adequately
integrated into an aging model. Additional investigations
will attempt to determine the cause of gassing within low
states of charge. For this purpose, in-situ as well as ex-
situ methods on the half-cell level could be applied, which

would allow for an identification of relevant side reactions.
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