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HIGHLIGHTS

e Thermophysical properties of aged
NMC-LMO blend cathodes and graphite
anodes.

e Particle cracking leads to a reduction of
the thermal conductivity.

e SEI growth leads to a change in ther-
mophysical properties.

e Thermal inhomogeneity during aging
induces non-uniform thermophysical
properties.

o Through-plane gradients have a higher
impact and lead to self-reinforcing
behavior.
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ABSTRACT

The thermophysical properties of lithium-ion batteries are crucial for the optimized and safe design of battery
thermal management systems. This paper presents an experimental investigation of aging-induced changes in the
thermophysical properties of the electrodes of a commercial 20 Ah pouch cell during cyclic aging. The results
show that the thermophysical properties can change significantly compared to the beginning of life, depending
on the thermal aging conditions. This should be taken into account when optimizing the system design for the
entire lifetime. In addition to the influence of the aging temperature, this study focuses on the influence of in-
ternal temperature inhomogeneities during aging. It can be shown that temperature inhomogeneities during
aging result in inhomogeneous thermophysical properties of the electrodes and that the changes depend on the
local average aging temperature, the global temperature gradient over the cell and the local temperature gra-
dients over individual electrodes. Furthermore, it is shown that the direction of the gradient (in- or through-
plane) can have a decisive impact on the changes, and thermal through-plane gradients can lead to a self-
reinforcing behavior. In order to correlate the individual changes in the anode and cathode with aging mech-
anisms, an additional post-mortem analysis was performed.
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Nomenclature

Tag Average local aging temperature (°C)

Aeff Stack Effective thermal conductivity of the electrode stack (W/(mK))

Aeff Effective thermal conductivity of the electrode coating (W/(mK))

Qstack Thermal diffusivity of the electrode stack (mm?/s)

€ Porosity of the electrode coating (—)

dcoating Thickness of the coating (pm)

dcc Thickness of the current collector (pm)

dstack Thickness of the double-sided coated electrode stack (pm)

Pcoating Density of the coating (kg/m®)

Pec Density of the current collector (kg/m>)

Cp.Coating Specific heat capacity of the coating (J/(kgK))

Cpce Specific heat capacity of the current collector (J/(kgK))

Astack Area of sample of the electrode stack (pmz)

Mstack Mass of sample of the electrode stack (g)

ATcen Global temperature difference over the cell (K)

ATiocal Local temperature difference over the electrode sheet (K)
Abbreviations

LIB Lithium ion battery

NMC Nickel-manganese-cobalt-oxide

SEI Solid electrolyte interphase

BTMS Battery thermal management system

BoL Begin of life

SoH State of Health

cC Current collector

LMO Lithium manganese oxide

DSC Differential scanning calorimetry

1Z Through-plane temperature gradient aging condition

Y In-plane temperature gradient aging condition

HS Homogeneous stationary aging condition

EDX Energy dispersive x-ray spectroscopy

BCB Binder-carbon-black-phase

CEL Cathode electrolyte interphase

SEM Scanning electron microscopy

1. Introduction

Lithium-ion batteries (LIB) can experience a wide range of different
temperatures and internal temperature distributions over the course of
their operating time in electric vehicles. The temperature distribution
within a cell has a strong influence on the performance and aging
behavior, therefore, it is important to control the temperature distri-
bution during operation [1,2]. A temperature of around 25 °C is optimal
for most cell chemistries of LIB and minimizes the degradation effects.
The performance, lifetime and safety of LIB are crucial for the auto-
motive application, therefore, battery thermal management systems
(BTMS) are applied to control the temperature and maintain an opti-
mum operating window of the LIB. The presence of temperature gradi-
ents during aging leads to intensified and partially different aging
mechanisms. Several studies demonstrate that both an in- and
through-plane temperature gradient can lead to locally different aging
effects depending on the local temperatures [3-6]. In the literature, the
influence of the aging temperature on the aging mechanisms occurring is
already established [1-3,7-9]. It is evident that the design of a BTMS
plays a decisive role in the performance, aging and safety of a LIB during
operation [10,11]. Knowledge of the heat release during operation and
the thermal characteristics of the individual components is required to
optimize the design of the BTMS [12]. The BTMS are currently mainly
designed based on the data at the beginning of life (BoL). There are a few
studies [12-16] that show that the thermophysical properties of the LIB
change during aging and, therefore, the design of the BTMS based only
on the BoL data may not be sufficient for the entire lifetime in the
automotive application. In addition, the knowledge of the changes of the
thermal behavior of LIB is also crucial for efficient and safe second life
application of the cells.

The work of Tendera et al. [13] shows that the perpendicular thermal
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conductivity of a pouch cell is reduced with decreasing State of Health
(SoH). The thermal conductivity was measured using a guarded hot
plate method and compared for pouch cells with different SoH [13,14].
The resulting overall thermal cell behavior is, of course, decisive for the
optimization of the BTMS, but the change in thermal conductivity is
caused by the aging mechanisms of the individual components of the cell
[10]. Since the aging mechanisms are individual for each cell chemistry,
the reduction in thermal conductivity cannot be inferred exclusively
from the SoH. But in addition to the overall cell behavior, an under-
standing of how the thermophysical properties change at the electrode
level must be established in order to be able to correlate them with the
aging mechanisms that occur, since the mechanisms are superimposed
at the cell level and can only be partially investigated at that level, as in
the work of Tendera et al. [13,14].

A consideration of the thermophysical properties at the electrode
level for the anode and cathode separately is necessary in order to build
up a systematic understanding of which aging mechanisms can have a
critical impact on the thermal behavior of the electrodes and thus of the
entire cell. The work of Spitthoff et al. [16] compares aged electrode
samples with the BoL using the guarded hot plate measuring method
focusing on the comparison of different aging conditions with me-
chanical clamping. It is shown that there is a reduction in the perpen-
dicular effective thermal conductivity with a lower SoH.

First studies on the influence of degradation mechanisms on the
thermophysical properties of the electrodes were carried out in previous
work of our group in cooperation with Amy Marconnet using the laser
flash method to determine the perpendicular effective thermal con-
ductivity of aged electrodes [15]. The impact of various stationary and
transient homogeneous thermal aging conditions on the thermophysical
properties of the electrodes are compared. The work of Marconnet et al.
[15] shows that a higher temperature during aging can lead to a lower
thermal conductivity of the electrodes. An overview of comparable
studies in the literature on the influence of aging on thermophysical
properties is listed in Table 1.

The influence of mechanical stress and homogeneous thermal
boundary conditions during aging was investigated in the few studies at
the electrode level in the literature described before [15,16], but, as
stated above, ideal homogeneous thermal conditions rarely occur in real
application and temperature gradients develop within the cells during
operation. It is evident that previous studies have not yet accounted for
the influence of real inhomogeneous aging conditions, so this gap should
be closed. Therefore, this study investigates the impact of inhomoge-
neous thermal aging conditions on the thermophysical properties of
battery electrodes in addition to the impact of homogeneous thermal
aging conditions. This work focuses particularly on the distinction be-
tween the impact of in- or through-plane temperature gradients during
cyclic aging. The work of our group has shown that the through-plane
gradient seems to be the more critical aging condition for the cell
investigated from an electrochemical point of view [4,17]. The under-
lying aging study was performed with a commercial 20 Ah pouch cell,
with a blend cathode (NMC and lithium manganese oxide (LMO)) and a
graphite anode, and these cells are further investigated in this work. In
this study, we examine the changes of the thermophysical properties

Table 1
Overview of work from the literature on aging effects on thermophysical prop-
erties of LIBs at the cell and electrode level [13,15,16].

Tendera et al. Spitthoff et al. Marconnet et al. [15]
[13] [16]
Cell level yes no no
Electrode level no yes yes
Investigated Impact of SoH Impact of Impact of
influencing on thermal mechanical aging homogeneous thermal
aging factor conductivity condition on aging conditions on
thermal thermophysical
conductivity properties
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depending on the local average aging temperature, the global temper-
ature gradient at the cell level as well as the local temperature gradient
at the electrode level. This work demonstrates the influence of tem-
perature inhomogeneities, which can be caused, for example, by a real
BTMS, and the sensitivity of the thermophysical material properties to
the temperature gradient and gradient direction.

2. Experimental methodology

The thermophysical properties of electrodes (hereinafter referred to
as a double-sided coated electrode stack) of aged commercial lithium-
ion cells in pouch format are investigated in this work. The underlying
aging study [4,17] and the experimental measurement methodology
developed [18,19] for determining the thermophysical properties are
part of previously published work by our group and form the basis for
the investigation of the aged electrodes.

2.1. Aging study

The aged cells investigated are based on a cyclic aging study from
previous work of our group, which focuses on the comparison of ho-
mogeneous and inhomogeneous thermal boundary conditions with a
variation of the gradient direction in- and through-plane [4,17]. The
study was performed on 20 Ah pouch cells (SPB58253172P2, Enertech
International, Inc.), with a NMC111 - LMO blend cathode and a graphite
anode. The thermal and mechanical aging conditions of each cell were
controlled with the cell mounting used, which consists of cells that are
clamped between two aluminum plates by means of springs, through
which water flows as a cooling medium. The schematic structure of the
cell mounting is shown in Fig. 1 a). Here it can be seen, that the use of
springs allowed the pressure to be specifically set at 0.5 bar during
aging. The paper by Cloos et al. [4,17] describes in detail the testing
conditions and the experimental setup used to carry out the cyclic aging
studies for the homogeneous and inhomogeneous thermal boundary
conditions. The cells were cycled with constant current 2C between the
cutoff-voltage 3.0 V and 4.2 V. An overview of the electrode samples
from the cyclic aging study investigated in this work, consisting of the
cell name, the respective aging condition and the SoH, is shown in
Table 2. Additionally, the equivalent full cycles (EFC) of the aged cells
examined in this study are shown in Fig. 1 b) with the corresponding
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names from Table 2.

The designation of the cells corresponds to the labeling from the
aging study. Both cooling plates in the homogeneous stationary condi-
tions are set to the aging temperature defined. In the case of the sta-
tionary in-plane gradient, the respective temperature difference is set on
both sides along the cell surface. The cell has a counter-tab design,
therefore, the lower temperature was applied to the side of the negative
tab at each in-plane gradient for reproducibility reasons. Regarding the
stationary through-plane gradient, one cooling plate was set to the lower
temperature and the other to the higher temperature inducing the
defined temperature difference over the thickness of the cell. The sam-
pling positions used for the determination of the thermophysical prop-
erties are also shown in Table 2. An average local aging temperature Tag
is specified for each sample position for a distinct classification. This is
particularly relevant for the inhomogeneously aged cells, as there are
two sampling points, one sample originates from the colder and one
from the warmer region of the cell. Similar to the homogeneously aged
samples, these are assigned to the respective local average temperature
Tag at the sampling point. In the case of the cell 1Z 10 - 40 °C, for
example, a Tag of approximately 10 °C is assumed for the sampling point
on the part of the cell with the colder boundary condition.

2.2. Measurement methodology and sample preparation

A measurement method to determine the thermophysical properties
on the electrode level is used in this work which consists of measuring
the specific heat capacity and density of the current collector (CC) and
electrode coating as well as measuring the thermal diffusivity of the
electrode stack (double-sided coated CC). The measurement methodol-
ogy was developed and established in previous work in our group by
Oehler et al. [18,19]. The effective thermal conductivity Aef stack Of the
electrode stack is calculated using the following equation.

dCC

dCoatin

8

(1 - 8) T pCoating * Cp.Coating + d *Pcc* Cpcc
Stack

jveff‘Srack = Qstack* (
Stack

@

This requires the measurement data of the thermal diffusivity a of the
electrode stack, the density p and specific heat capacity c, of the coating
and the CC. In addition, the porosity of the coating ¢ and the thicknesses
of the electrode stack ds, and CC d¢c must be measured. Sample
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Fig. 1. a) Schematic cross-sectional view of the cell mounting with the pouch cell b) Overview of the final equivalent full cycles (EFC) of the various aged cells that

form the basis for this work [20].
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Table 2
Overview of the aged pouch cells [4,17] and prepared samples for the investi-
gation of the thermophysical properties in this work.

Cell name  Aging condition SoH Samples Tag
BoL none 100 % BoL | Cathode 25°C
BoL | Anode 25 °C
HS 4°C 4 °C homogeneous 859% HS4°C| 4°C
Cathode 4°C
HS 4 °C | Anode
HS 25°C 25 °C homogeneous 85.8% HS25°C| 25°C
Cathode 25°C
HS 25 °C | Anode
HS 45 °C 45 °C homogeneous 67 % HS 45 °C | 45 °C
Cathode 45°C
HS 45 °C | Anode
HS 48 °C 48 °C homogeneous 53 % HS 48 °C | 48 °C
Cathode 48 °C
HS 48 °C | Anode
1Y 30 - 30 - 50 °C in-plane 69.7% 1Y 30 -50°C | 30 °C
50 °C gradient Cathode 50 °C
1Y 30 - 50 °C | 30°C
Cathode 50 °C
IY 30 -50°C |
Anode
IY 30 -50°C |
Anode
1Z 30 - 30 - 50 °C through-plane 66.8% 172 30-50°C | 30 °C
50 °C gradient Cathode 50 °C
1Z 30 - 50 °C | 30 °C
Cathode 50 °C
1Z 30 - 50 °C |
Anode
1Z 30 - 50 °C |
Anode
IY 10 - 10 - 40 °C in-plane 79.8 % 1Y 10 - 40 °C | 10 °C
40 °C gradient Cathode 40 °C
1Y 10 - 40 °C | 10°C
Cathode 40 °C
IY 10-40°C |
Anode
1Y 10 - 40 °C |
Anode
1210 - 10 — 40 °C through-plane 821% 1Z10-40°C| 10°C
40 °C gradient Cathode 40°C
1210 - 40 °C | 10°C
Cathode 40 °C
1Z 10 - 40 °C |
Anode
1Z 10 - 40 °C |
Anode

preparation in this work proceeded as follows. The aged pouch cells
were discharged to a state of charge (SoC) of 0 % and opened in a glo-
vebox under an argon atmosphere and the electrode sheets were washed
in dimethyl carbonate and allowed to evaporate afterwards. A variation
of the degree of intercalation is not performed in this work, all samples
were taken at a SoC of 0 %. The measurement of the specific heat ca-
pacity and density are performed separately for the CC and the electrode
coating. For this purpose, the coating is measured in powder form. This
is possible because the specific heat capacity and density depend solely
on the mass fractions of the components contained. When measuring the
thermal diffusivity, the sample is punched directly from the electrode
sheet, thus taking into account the influence of the microstructure, as
this parameter depends on it.

The determination of the specific heat capacity was carried out using
differential scanning calorimetry (DSC). The devices used are a DSC
Q2000 (TA Instruments) and Discovery DSC 2500 (TA Instruments). The
electrode coating and the CC material were measured separately by
scraping the electrode coating off the CC and subsequently filling and
pressing the powder into the DSC pan under an argon atmosphere.
Similar to the measurement of the specific heat capacity, the density was
determined separately for the electrode coating and the CC material at a
temperature of approximately 25 °C. The sample materials were then
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measured using a gas pycnometer Micro-Ultrapy-1200e (Quantach-
rome). The density is calculated using the determined volume and mass
of the sample. The mass is determined using an analytical balance
XPE206 Delta Range (Mettler Toledo).

The through-plane thermal diffusivity was measured using the laser
flash method with a Hyperflash 467 (NETZSCH). A foil sample holder
was used and the electrodes were punched out using a handheld elec-
trode punch (NOGAMI) with a diameter of 25 mm. The measurement of
the thermal diffusivity in the laser flash was performed under a helium
atmosphere. With a thermal conductivity of around 0.14 W/(mK) [21]
helium shows a quite similar thermal conductivity to conventional
electrolyte systems, which is around 0.16 W/(mK) [22]. This enables
helium, as a measuring gas, to emulate the thermal conductivity of the
electrolyte in the pore space very well and enables a very good
approximation of the thermal behavior of electrolyte-soaked electrodes,
as has already been shown by Oehler et al. [18,19]. A temperature range
from —20 to 60 °C was measured at 10 K intervals. The penetration
model in the evaluation software provided by NETZSCH was used for
evaluation [23]. The measurements were performed at ambient pres-
sure, and no variation study of the pressure influence was conducted as
part of this work.

The thickness of the electrode stacks was determined using a me-
chanical gauge (Mahr Micromar 40 EWR). Different measurement
methods were investigated regarding the porosity and compared as part
of this work. The porosity derived from mercury porosimetry (BELPORE
MICROTRAC) measurement data was compared to the gravimetrically
determined porosity based on the thickness and density measured. For
this purpose, several samples with a diameter of 25 mm per aging
condition were weighed with an analytical balance for determining the
mass of the sample mg,q and the porosity was calculated with the area
of the sample Ag,cx using equation (2).

(Mstack —Astack ‘decPec)
AStack'dCoating — -ad—Sadce ReGs

e— PCoating (2)
A Stack * dCoating

The results of the thermal characterization of the aged electrode
samples according to the methodology described are presented and
discussed in the following in the context of an additional post-mortem
analysis to link the changes of the thermophysical properties to
possible aging effects. The uncertainty of the measurements was calcu-
lated according to the Guide to the Expression of Uncertainty in Mea-
surement using a type A uncertainty analysis. For this purpose, several
samples were measured for each aging condition in order to be able to
carry out a statistical evaluation [24].

3. Results

In order to investigate the influence of inhomogeneous thermal
conditions during aging on the thermophysical behavior of the elec-
trodes, the experimental parameters analyzed are presented in the
following section. The parameters for determining the perpendicular
effective thermal conductivity of the electrode stack are evaluated
separately for the anode and cathode.

3.1. Porosity

The change of the electrode porosity over the course of aging has not
been widely investigated or systematically discussed in the literature.
However, this parameter is of central importance for the calculation of
the effective thermal conductivity. The results of the gravimetric
porosity of the electrode coating of the various samples of the aged cells
are shown in Fig. 2 and compared to the values of the cell at BoL. The
porosity is plotted over the local aging temperature Taq. The individual
sample positions and aging conditions correspond to the assignment in
Table 2. The density and stack thickness of each sample is measured for
the calculation of the porosity and shown in the supplementary
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information in Fig. S1. Fig. 2 a) shows the gravimetrically determined
porosities of the cathode stacks. It can be seen that the porosity of the
cathode coating increases at a higher Ty, for all different aging condi-
tions. The same trend can be seen for the porosity as for the thickness
and the density. A distinct difference in porosity is visible for the in- and
through-plane gradients with the temperature difference of 10 — 40 °C
which underlines the inhomogeneous changes occurring.

In addition, mercury porosimetry was carried out on selected sam-
ples to assess the pore size distribution, as this provides a decisive
indication of the underlying microstructure. The results of the mercury
porosimetry confirm the results of the gravimetric porosity measure-
ments. The pore size distribution of a BoL cathode is compared with the
HS 48 °C cathode in the supplementary information in Figure S 2 a). It
can be seen that the distribution shifts toward smaller pores for the aged
cathode.

The change in porosity of the anode during aging shows a reduction
in most samples. A remarkably high porosity on the 30 °C side can be
observed only in case of the IY 30 — 50 °C aging condition, which cor-
relates with the corresponding higher thickness values. When
comparing the pore size distribution of the aged anode coating to the
BoL (exemplified in Figure S 2 b), it can be seen that there is no sig-
nificant change.

3.2. Specific heat capacity, thermal diffusivity and effective thermal
conductivity

The results of the specific heat capacity, thermal diffusivity and
effective thermal conductivity of the BoL cell and the homogeneously
aged cells are shown in the supplementary information in Figure S3. The
respective parameters are plotted against the temperature of the mea-
surement between —20 and 60 °C. The measurement at different tem-
peratures is important, as some thermophysical properties show a strong
temperature dependence. The results show that the impact of aging on
the individual temperature dependency of the thermal parameters in
this study can be considered to be very low and one chosen measurement
temperature point is representative for the relative comparison. To
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investigate the influence of the different thermal aging conditions on the
thermophysical properties of the anode and cathode, the following re-
sults of the measurements are presented only for the measuring tem-
perature of 20 °C.

The results of the specific heat capacity, thermal diffusivity and
effective thermal conductivity are plotted in Fig. 3 over the local average
aging temperature Tag, separately for cathode and anode samples,
analogous to the previous results following the classification in Table 2.

Only minor changes for the homogeneously and inhomogeneously
aged cells can be seen compared to the BoL for the specific heat capacity
of cathode (Fig. 3 a) and anode coating (Fig. 3 b). For the inhomoge-
neously aged cells, it can be seen that the gradient direction has a
different impact for both anode and cathode in case of the temperature
difference between 10 and 40 °C. The through-plane gradient leads to a
stronger reduction of the specific heat capacity compared to the in-plane
gradient. This influence is not significantly visible in the case of the
temperature gradients with temperature differences between 30 and
50 °C.

In contrast to the results of the specific heat capacity, the results of
the thermal diffusivity show changes for the aged cells in comparison to
the BoL. In the case of the cathode stack, shown in Fig. 3 c¢) for the
homogeneous aging conditions, it can be seen, that the thermal diffu-
sivity is more reduced for higher aging temperatures Tyg. The values of
the thermal diffusivity of the inhomogeneously aged cathode stacks
confirm the trend regarding the impact of Tg observed for the homo-
geneously aged samples. In the case of the in- and through-plane gra-
dients with a temperature difference between 10 and 40 °C, it can be
seen that inhomogeneous changes can occur within a cell. The respec-
tive sample with the locally higher aging temperature shows a lower
thermal conductivity. The overall reduction is more pronounced in the
case of the through-plane gradient IZ 10 — 40 °C. No significant in-
homogeneities are visible for the in-plane and through-plane tempera-
ture gradients with a temperature difference between 30 and 50 °C. All
thermal diffusivities of the homogeneous and inhomogeneous samples
above TAg of 30 °C are almost at the same level, with the exception of the
sample at Tag of 40 °C of the through-plane gradient IZ 10 - 40 °C. In

b)

¢ BoL|Anode
¢ HS4°C|Anode
HS25°C | Anode
0.5 ¢ HS45°C|Anode
¢ HS48°C|Anode
4 IY30-50°C|Anode
v 1Z30—-50°C|Anode
4 IY10-40°C|Anode
0.45 v 1210 —40°C|Anode
|
—
(%)
0.4} l <
¢ Ty
¢
¢
0.35 + Y A

0 10 20 30 10 50
Toe / °C

Fig. 2. Comparison of the porosity of the electrodes of the cell at the BoL with the electrodes of the aged cells for the different homogeneous and inhomogeneous
thermal aging conditions. The porosity of a) cathode and b) anode are shown over the local average aging temperature Ty, of the samples.
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Fig. 3. Comparison of the data of the electrode of the BoL cell with the electrodes of the homogeneously and inhomogeneously aged cells. The specific heat capacity
a) of the cathode coating and b) the anode coating, the thermal diffusivity c) the cathode stack and d) the anode stack and the effective thermal conductivity of e)
cathode coating and f) anode coating for a measurement temperature of 20 °C are shown. In each case, the data is shown above the local average aging temperature

of the individual samples.

principle, an increase in temperature during aging does not appear to
cause a general linear reduction in thermal diffusivity above an aging
temperature of 30 °C. The anode stacks in Fig. 3 d) show a contrary
behavior. Here, the thermal diffusivity is more reduced for lower aging
temperatures Tpg in comparison to the BoL values. Contrary to the
cathode stack, the development of inhomogeneous thermophysical
properties in the anode is more pronounced at the aging condition with a
temperature difference from 30 to 50 °C than 10 — 40 °C. The in-
homogeneity within the anode is greater in case of the through-plane
gradients than the in-plane gradients of 30 — 50 °C. Fewer in-
homogeneities can be observed for the temperature gradients of IZ and
IY 10 - 40 °C, but a clear difference between in-plane and through-plane
gradients is detectable. Analogous to the cathode, the through-plane
gradient leads to a more pronounced reduction in the thermal diffu-
sivity. Accordingly, a higher aging temperature at the cathode leads to a
greater reduction in thermal diffusivity, while a lower aging tempera-
ture at the anode leads to a greater reduction.

The effective thermal conductivity of the electrode stacks is calcu-
lated according to equation (1). It can be seen in Fig. 3 e) that the
effective thermal conductivity of the aged cathode coating is more
significantly reduced at higher than at lower aging temperatures Tpg. A
clear trend is visible here as a function of the aging temperature given. In
the case of the cells IZ and IY 10 — 40 °C, inhomogeneous material
properties can be detected. The impact of the gradient direction on the
effective thermal conductivity is the same as for the thermal diffusivity.
In the case of the anode in Fig. 3 f), in accordance with the results of the
thermal diffusivity, the impact of the aging temperature is contrary to
the behavior of the cathode stacks. The highest Tx, leads to a minimal
reduction of the effective thermal conductivity.

4. Discussion

In order to classify and interpret the influence of the inhomogeneous
thermal aging conditions on the thermophysical properties of the elec-
trodes, the results of the homogeneously aged samples are first discussed
and then compared with the ones for inhomogeneous thermal boundary
conditions.

The results shown are classified in Table 3 within the context of the
literature, for both BoL and end of life values. However, it should be

noted that each electrode has a different configuration and that cell
chemistry also has a decisive influence on thermal conductivity.
Therefore, a comparison can only be made with similar cell chemistries.

4.1. Homogeneous aging condition

As has already been described in chapter 3.2, the changes of the
thermophysical material properties of aged cathodes and anodes depend
on the aging temperature. As part of the additional post-mortem-
analysis in this work, scanning electron microscopy (SEM) images of
cross-sections of the cathode and anode stack were investigated to
identify possible changes within the microstructure of the electrodes.
The SEM images are shown in Fig. 4.

Based on the homogeneously aged samples in Fig. 3 e), it is evident
that a higher aging temperature Tag leads to a reduction of the thermal
conductivity for the cathode stack. The images of the BoL cathode stack
in Fig. 4 a) and the zoom on the coating in Fig. 4 b) show that an intact
binder-carbon-black-phase (BCB) and intact secondary particles of the
NMC and LMO are present in the BoL state of the cell. By comparison,
SEM images of the cross-section of the cathode at the aging condition HS
48 °C are shown in Fig. 4 c). A slight delamination in the middle of the
cathode coating can be observed. Friesen et al. [26] report delamination

Table 3

Comparison of measured data of the through-plane thermal conductivity with
literature data from Steinhardt et al. [25] and Spitthoff et al. [16], the electrode
soaked with electrolyte.

Steinhardt et al. Spitthoff et al. This work
[25] [16]
NMC (BoL) 0.55 - 0.90 W/ 0.89 W/(mK) -
(mK)
NMC (aged) 0.54 + 0.02 W/ 0.71 W/(mK) -
(mK)
NMC-LMO - - 0.30 £ 0.01 W/
(BoL) (mK)
NMC-LMO - - 0.18 - 0.30 W/
(aged) (mK)
Graphite (BoL) 0.36 - 1.50 W/ 1.27 -1.93 W/ 1.59 £+ 0.02 W/
(mK) (mK) (mK)
Graphite (aged) 0.62 + 0.02 W/ 1.34 W/(mK) 0.99 - 1.53 W/
(mK) (mK)
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Fig. 4. SEM images of the cross-section of the cathode and anode of the BoL and HS 48 °C cell: a) BoL cathode stack, b) BoL cathode coating, ¢) HS 48 °C cathode
stack, d) HS 48 °C cathode coating, e) BoL anode stack and f) HS 48 °C anode stack with crack highlighted.

of the cathode coating of the CC during aging, which is not visible in the
SEM images in Fig. 4 a) — d). However, it was observed during the cell
opening process that entire areas of the cathode coating detached from
the CC without external mechanical impact. This was the case for the
cells subjected to homogeneous temperature HS 45 °C and HS 48 °C, as
well as for the cells aged under inhomogeneous temperature distribu-
tion. In the case of the inhomogeneously aged cells the cathode samples
at the higher T, showed the behavior described.

In addition, an extreme degree of particle cracking for the cathode of
HS 48 °C is visible in Fig. 4 ¢) and d), which is more reminiscent of
complete fragmentation. This degree of particle cracking is more severe
than that described in the literature [27-29]. Based on the results of
energy dispersive x-ray spectroscopy (EDX) of the cross-sections, it can
be assumed that particle cracking only occurs in NMC, while LMO
continues to show completely intact particles. Fig. 4 d) shows a close-up
of the particle fragmentation of NMC secondary particles at HS 48 °C. It
can also be seen here that the solid connection from the active material
particles with the BCB phase is damaged by the complete fragmentation
of the particles, similar to reports in the literature [30]. Each new sur-
face after particle cracking can lead to a reaction with the electrolyte and
results in changes of the microstructure [8]. The comparatively more
conductive heat transfer paths within the solid phase are reduced due
the delamination within the layer, extensive particle fragmentation and
associated reduced contact surface of the BCB-phase. Although several
individual particles are still present, the solid interconnection within the

secondary particles is partially missing. Particle pulverization is usually
observed at voltages higher than 4.5 - 4.7 V [31,32].

One possible explanation could be that the mechanical stability of
the binder phase is reduced due to the high aging temperature. Poly-
vinylidene fluoride for example shows a higher flexibility at tempera-
tures around 60 °C [26,33]. The increased flexibility of the binder at
elevated temperatures may facilitate a greater spatial separation of
particle fragments. This effect is probably driven by volumetric changes
during intercalation and deintercalation processes, ultimately rendering
the original secondary particle structure unidentifiable. Such behavior
could explain the pronounced fragmentation observed. The exact
composition of the BCB-phase is not known for this cell, but it is evident
that the changes in the BCB-phase during aging should also be taken into
account to understand the changes in the microstructure. The results
also explain the changed pore size distribution in the case of the HS
48 °C cell. The fragmentation creates the shift to smaller pores and
produces a higher overall layer thickness due to the changes in the
microstructure. Additionally, the new surface of the fragmented parti-
cles enables the formation of new cathode electrolyte interfaces (CEI)
[32]. By contrast the effect of particle cracking is less pronounced at
lower aging temperatures, as is CEI formation [8]. This can be correlated
with the results measured in this work and seen in the lower stack
thickness in the case of the HS 4 °C and HS 25 °C cells. This may also
explain the less pronounced reduction of the effective thermal conduc-
tivity in these cases with lower aging temperatures.
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The influence of the SoH on the effective thermal conductivity can be
investigated through the comparison of the results of HS 45 °C and HS
48 °C. The HS 45 °C cell has a SoH of 67 %, while the HS 48 °C cell has a
SoH of 53 %, as described in Table 2. The effective thermal conductivity
of the two cathode samples is almost the same. This does not correspond
directly to the results of Tendera et al. [13] at cell level and shows that
the SoH does not offer a standalone option for assessing changes in the
thermophysical properties the specific aging conditions must be taken
into account.

On the anode side, the results in chapter 3.2 show a reduction of the
effective thermal conductivity for lower TAg. At a higher TAg increased
SEI growth occurs on the anode side [34,35]. Due to the organic com-
ponents of the SEL it will not feature a comparably high thermal con-
ductivity, but the increased SEI formation [15] and the associated slight
reduction in porosity can increase the number of solid heat conduction
paths, thereby improving the overall thermal conductivity. Manganese
was detected on the surface of the anode for the two anode samples at
higher TAg (HS 45 °C [4] and HS 48 °C), using EDX. Thus, the crosstalk
between the cathode and anode is proven at these aging conditions,
which according to the literature can enhance the SEI formation [36,
37].

A cross-section of the anode stack at BoL is shown in Fig. 4 €). The
SEM image shows that even in the case of the BoL cell, partial delami-
nation on one side of the copper CC can occur. It appears that in these
cases the connection via the BCB-phase is no longer stable even in the
BoL state. By comparison, Fig. 4 e) and f) show that an almost complete
one-sided delamination occurs for the HS 48 °C cell and that in addition
cracks within the microstructure are present over the height of the anode
coating. Such cracks have been reported by Chen et al. [38] and
explained by the failure of the binder. These changes of the micro-
structure lead to a reduction of heat conduction paths and, thus, explain
the reduction of the effective thermal conductivity.

A possible effect for the reduction of the effective thermal conduc-
tivity for a lower TAg such as in the case of the HS 4 °C cell, could be the
increased formation of cracks within the graphite coating due to lower
aging temperatures. In contrast to the more flexible binder at high
temperatures, which can allow the particle fragments to shift on the
cathode side, cracks could occur more severely at lower temperatures
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due to the lower flexibility of the binder [38] resulting in higher me-
chanical stress within the anode during the volume changes associated
with charging and discharging.

4.2. Inhomogeneous aging condition

In order to systematically analyze the complex influence of inho-
mogeneous temperature distributions on the aging-induced changes in
thermophysical properties, three different levels of impact are defined in
this work at which the effects of inhomogeneous temperature distribu-
tions within a cell manifest themselves. A schematic overview of these
three levels is illustrated in Fig. 5 a) for the example of the through-plane
gradient over the cell from the first (C1) to the last cathode sheet (C18).
The first level of impact is the local aging temperature Taq. This
parameter has already been defined for the clarification of the samples
and enables a comparison with the results of the study of the homoge-
neously aged cells. In the latter a single uniform T, prevails. By
contrast, inhomogeneously aged cells have a non-uniform internal
temperature distribution induced by the global temperature gradient
imposed externally, resulting in a temperature difference AT¢) over the
cell. This global temperature gradient over the cell is the second level of
impact, which takes into account the magnitude and the direction of the
gradient. The third level introduces the local temperature gradient,
which is linked with the temperature difference ATy, over the thick-
ness of the individual electrodes within the aged cell. All three levels
cannot be considered independently of each other and result from the
inhomogeneous temperature distribution, offering the opportunity to
analyze the various effects in a more targeted manner. In the case of a
real application within an electric vehicle the BTMS can induce a global
temperature gradient with a AT¢. The combination of the heat release
within the cells and the BTMS leads to an inhomogeneous internal
temperature distribution, which can also be divided for the analysis into
the three levels of impact.

As has already been observed in the homogeneous thermal aging
conditions and the literature [15], the local aging mechanisms, that
depend on the local aging temperature Taq influence the changes of the
thermophysical properties. The inhomogeneous thermal aging condi-
tions of the underlying aging study investigated cover the range ATcey

Pouch cell

units of separator,
anode and cathode

[1. Level of impact

-

2. Level of impact

N

-

3. Level of impact

\

Fig. 5. Overview of the three levels of impact for one example with a through-plane temperature gradient. 1. level of impact: local aging temperature Tg, 2. level of
impact: global temperature gradient with AT, over the complete cell and 3. level of impact: local temperature gradient with AT, over the individual electrodes.
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from 10 to 40 °C and also from 30 to 50 °C with the gradient directions of
in- and also through-plane. Based on the literature, the through-plane
gradient can be the gradient direction with a more serious scope of
impact considering aging [4,5]. The results of the underlying aging
study show that differences in the gradient direction occur only for the
gradient with AT¢e; 30 — 50 °C [4]. For the gradient with AT¢e; between
10 and 40 °C, no significant difference of the aging behavior on the
performance in the form of capacity loss can be observed between both
directions of the gradient. Due to the through-plane gradient there is a
temperature gradient on the electrode level between the anode and the
counter cathode. Such local gradients can impact the aging behavior and
result in differences in the overpotential behavior and effective capacity
of the electrodes, as shown by Carter et al. [5,39].

4.2.1. Through-plane temperature gradient

Firstly, the results for the cathode stack and the effect of the through-
plane gradient will be discussed. The gradient with a AT¢e; of 30 — 50 °C
leads to an almost homogeneous reduction in the effective thermal
conductivity for both gradient directions. The effective thermal con-
ductivity in both gradient directions is at the same level as the results of
the HS 45 °C and HS 48 °C. The thermal gradient with a AT, of 10 —
40 °C leads to inhomogeneous thermophysical properties and shows a
dependency of the gradient direction. The through-plane gradient leads
to a significantly reduced thermal conductivity of the cathode compared
to the in-plane gradient. The according SEM images are shown in Fig. 6
a) to b) for the cell IZ 10 — 40 °C. The local differences in the micro-
structure between the sample position on the warm side of Tp, = 40 °C
(Fig. 6 a) and on the cold side of Tpz = 10 °C (Fig. 6 b) for the through-
plane gradient are displayed.

As has already been described in the case of the homogeneous cells, a
higher Ty leads to increased particle cracking. It is clearly visible in the
SEM images of the IZ 10 — 40 °C in Fig. 6 a) and b), that particle cracking
is more pronounced in the sample at Ta; = 40 °C, while particle cracking
also occurs at the lower Tag of 10 °C, but the original shape of the NMC
particles is still recognizable. When comparing the samples with the
SEM results of the HS 48 °C cell, a significantly stronger change in the
microstructure can be seen in the case of the through-plane gradient.

After the discussion of the impact of Tag, the second level of impact
focuses on the influence of the gradient at the cell level with ATcy. It
can be seen in the work of Paarmann et al. [40], that a temperature
gradient leads to a different current distribution within a parallel
connection of cells, which is also the case for the parallel connected
electrode sheets within a cell stack. The electrodes with a higher tem-
perature experience a higher current density and thus a higher me-
chanical load on the active material particles [40]. This effect possibly
intensifies the particle cracking due to the already higher temperature at
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the sample position TAg of 40 °C. A temperature difference of ATc; =
30 K is applied externally for the IZ 10 — 40 °C, by comparison, the
difference for the IZ 30 — 50 °C is only 20 K. The non-uniform current
distribution is probably less pronounced in the case of IZ 30 — 50 °C due
to the smaller temperature gradient and as the changes in resistance as a
function of temperature are smaller at higher temperatures [41], the
inhomogeneity of the current load is less pronounced [40].

However, the local temperature gradient with ATy, as the last level
of impact must also be considered in order to obtain a complete analysis.
ATiocal Over the electrode has an additional impact on the aging
behavior and is caused by ATc. Aging phenomena such as delamina-
tion are described in the literature regarding through-plane gradients
[5]. Such delamination effects can be seen pronounced on both samples
(Tag = 40 °C and Tag = 10 °C) in the SEM of the cross-sections in Fig. 6
a) and b). In addition to the fragmentations and particle cracking, a
difference can be seen between the two coating sides within the indi-
vidual cathode stacks of the IZ 10 — 40 °C cell. In each case, one side of
the cathode shows significantly stronger delamination within the
coating than the other. The literature reports, that through-plane ther-
mal gradients can induce such degradation mechanism. It is decisive
here which coating side of the cathode has a colder opposite anode
coating and which has a warmer anode coating counterpart [5,42].
According to Carter et al. [5], this leads to stronger plating and pore
clogging for the colder anode, and to particle cracking and delamination
on the corresponding cathode side.

The ATyocq depends not only on the externally induced gradient over
the cell, but also on the thermophysical properties of the individual
electrodes. This work investigates the influence of changes in the ther-
mophysical properties on the distribution of the individual ATy, over
the cell stack. The calculation of the temperature differences across the
layers is carried out one-dimensionally according to equation (S1)
described in the supplementary information chapter 3 by Krischer et al.
[43]. Regarding both electrodes, the thermal conductivities and thick-
nesses measured were used depending on the configuration described,
for the layer thickness and the thermal conductivity of the pouch foil
data from previous work from our group of this cell is used, as well as the
thermal conductivity of the separator from the literature [44] and the
thickness measured from Ref. [45]. The results of the distribution of A
Tiocal OVer the cell for IZ 10 — 40 °C and 1Z 30 — 50 °C are shown in the
supplementary information in Figure S 4.

The changes of the thermophysical properties measured during aging
are taken into account for the calculation of ATi,., especially the
inhomogeneous thermophysical material properties. Regarding quali-
tative comparison, a linear progression of the thermophysical properties
over the sheets was assumed in the case of the inhomogeneous ther-
mophysical properties of the electrodes between the two sampling
points of maximum and minimum temperature measured. The calcula-

Fig. 6. SEM images of the cross-section of cathode of IZ 10 — 40 °C a) IZ 10 - 40 °C cathode stack at 40 °C, b) IZ 10 - 40 °C cathode stack at 10 °C.
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tion with inhomogeneous thermophysical material properties in Fig. 3
shows, that there is an increase of the ATj., for the cathode stacks on
the side of Tag = 40 °C and a reduction on the side of Tay = 10 °C.

This results in a reinforcing effect: the higher ATy is, the higher the
ATyoca over the individual electrodes and, therefore, a higher stress on
the respective electrode is induced. The different aging effects occurring
atIZ10-40°C|10°CandIZ10-40 °C | 40 °C within the same cell are
not only caused by the different Taq, but can also be intensified in the
course of the aging by the development of inhomogeneous thermo-
physical material properties and the resulting different ATy, across the
individual cathodes and anodes with a constant ATc.;. The gradient
across the electrode is higher in the case of IZ 10 — 40 °C and the effects
on the thermophysical material properties of the cathode are accord-
ingly higher compared to the results of IZ 30 — 50 °C.

A closer look at the anode shows that the through-plane gradient at
IZ 10 - 40 °C leads to a greater inhomogeneity of the thermophysical
properties. In principle, the influence of Tpg on the anode shows the
opposite trend to the cathode and a lower Taq leads to lower thermal
conductivities. This behavior is also confirmed for the inhomogeneous
cells. The three levels of impact introduced are also superimposed in the
case of the anode. The local gradient over the anode stacks with ATy
can lead to increased SEI growth, pore clogging, delamination and
plating, as shown in literature [5,42]. The increased SEI formation at the
higher Tyg at IZ 30 — 50 °C contributes to an increase of the heat con-
duction paths, as a result of which the effective thermal conductivity is
higher at the higher T, compared to the lower aging temperature. The
through-plane temperature gradient also shows extensive plating on the
anode coating side with a warmer cathode counterpart. In this work,
samples were taken from the plating area and compared with anodes
without plating. No significant influence of the plating on the effective
thermal conductivity could be found, this result confirms the work of
Tendera et al. [13] and Marconnet et al. [15].

The more critical aging mechanism for the anode is the change of the
microstructure. It is noticeable observing the electrode surface of the IZ
30 - 50 °C using light microscopy that different colors can be seen
(Fig. S5 in the supplementary information). Increased SEI formation can
be seen at the higher local aging temperature, as well as lithium-rich
deposits analogous to HS 45 °C and HS 48 °C. The SEI probably has a
lower thermal conductivity than the graphite coating, based on the
organic components [15], but strong SEI formation leading to the
development of new solid pathways can also compensate for the loss of
heat conduction paths. In the case of IZ 10 - 40 °C, different colorations
of the anode can also be seen when comparing the two samples at
maximum and minimum local aging temperature T,,. However, in
comparison to IZ 30 — 50 °C, other discolorations are visible in the higher
temperature range. These colorations in case of ATce; of 10 — 40 °C
correspond to the degree of lithium intercalation present in the graphite
structure, as mentioned in the literature [46]. As the electrodes theo-
retically have time before cell opening for complete relaxation [47], this
coloration can occur due to island formation of the anode [9,48]. Burow
et al. showed that different degrees of lithium intercalation can be
present in aged cells after cell opening [49]. This leads to the conclusion
that certain parts of the microstructure are no longer electrochemically
connected to the rest of the electrode. Such interruptions can have an
influence on the thermophysical properties and reduce the thermal
conductivity by reducing heat conduction paths. The through-plane
temperature gradient can lead to contact losses in the network of the
anode material [5].

4.2.2. In-plane temperature gradient

In comparison to the results of the through-plane gradients the
analysis of the in-plane gradient shows local differences, but the
imposed outer temperature difference AT¢e; does not lead to an increase
of AToca due to changes in the through-plane thermal conductivity of
the electrodes during the aging. In the case of parallel thermal con-

10

Journal of Power Sources 672 (2026) 239620

ductivity, the influence of the coating is lower than in the case of
perpendicular thermal conductivity due to the high thermal conduc-
tivity of the CCs. The aging mechanisms occurring here are determined
by TAg [3,4] and possible gradients in the electrolyte concentration
caused by ATce [50].

Particle cracking on the cathode side is more pronounced in regions
at the higher than the lower local aging temperature Taq. The extent is
significantly lower than in the case of the through-plane gradients. The
SEM images of the cathode cross-sections of IZ 10 — 40 °C in Fig. 6 and of
IY 10 - 40 °C in Fig. S6 in the supplementary information explain the
difference in the values of the effective thermal conductivity for the
different sample positions in each cell. This shows that the through-
plane gradient between 10 °C and 40 °C has a more severe impact on
the changes of the microstructure and thus also of the thermophysical
properties for the cathode than the in-plane gradient IY 10 — 40 °C. In the
case of the global in-plane gradient over the cell of IY 30 — 50 °C, ho-
mogeneous changes of the thermophysical material properties arise
during aging that correspond to the values of the through-plane gradient
IZ 30 - 50 °C. This leads to the conclusion that the through-plane
gradient must be sufficiently high to generate additional effects and
induce inhomogeneous changes in the thermophysical properties in
comparison to the in-plane temperature gradient or the homogeneous
aging conditions with the equivalent mean cell aging temperature.

On the anode side, plating occurs increasingly on the cooler side of
the in-plane gradient near the tab, also reported in the literature by Xie
etal. [51]. As has already been analyzed for the through-plane gradient,
plating on the anode side has no reducing influence on the effective
thermal conductivity. There appears to be a significant change between
the in- and through-plane direction for the gradient with the tempera-
ture difference between 30 °C and 50 °C, confirming the results of the
cathodes investigated. Regarding the anodes, however, T,g is more
decisive for the changes of the effective thermal conductivity during
aging and a higher Tay may lead to increased solid heat conduction paths
due to the stronger SEI growth. This results in inhomogeneous ther-
mophysical properties for the anode, regardless of the size of AT¢y. In
comparison to the homogeneous results from HS 45 °C and HS 48 °C a
reduction of the effective thermal conductivity for the inhomogeneous
cells can be observed. The presence of the gradient leads to additional
aging effects, which reduces the effective thermal conductivity.
Regarding the in-plane gradient IY 10 — 40 °C the effect of the gradient
direction observed for the cathode, with a significant smaller impact of
the in-plane compared to the through-plane direction, is also confirmed
for the anode.

5. Conclusion

In summary, the influences of various inhomogeneous thermal aging
conditions on the thermophysical properties of cathodes and anodes are
experimentally investigated and presented in this paper. The results
include reference to the thermophysical properties of homogeneous
thermal aging conditions and the values at the BoL for a commercial 20
Ah pouch cell (NMC-LCO blend cathode and graphite anode). A post-
mortem analysis was performed to analyze any microstructural
changes. The results of this study enable to differentiate between the
influence of the local average aging temperature T and the additional
influences of a thermal gradient over the cell with a temperature dif-
ference ATc regarding the gradient direction and the local gradient
over the individual electrodes with a temperature difference ATycy-

It is shown that anode and cathode exhibit a significantly different
behavior considering the changes in the thermophysical properties
during aging depending on Tay. In the case of the cathode investigated, a
higher Thg leads to a greater reduction in thermal conductivity. Con-
cerning the anode investigated, a lower Tag leads to a greater reduction
in the effective thermal conductivity.
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Regarding the influence of temperature gradients over the cell ATcy
on the aging-induced changes, the results show that the gradient di-
rection is very important, with the through-plane temperature gradients
having a stronger influence on the reduction of the effective thermal
conductivity of anode and cathode during aging than the in-plane gra-
dients. In addition, the through-plane gradient can show a self-
reinforcing effect on the level of ATy,

The investigations show that not only Tag, but also the combined
effects of ATcey and ATi,q must be considered. The following key
findings can be drawn from the results of the thermal gradients inves-
tigated:

e Inhomogeneous thermal aging conditions can induce inhomoge-

neous thermophysical properties of the anode and cathode. A lower

Thg is the more critical condition for the anode investigated and a

higher Tag for the cathode investigated.

It was found that a high enough through-plane temperature gradient

across the entire cell with AT¢e; must be present for the pronounced

inhomogeneous changes.

e A sufficiently large through-plane gradient results in a self-
reinforcing effect of reducing the effective thermal conductivity of
the electrodes. Due to the reduction of the effective thermal con-
ductivity during aging, the local temperature gradient and therefore
ATiocal Can increase.

Due to the significant changes in the thermophysical properties of
the anode and cathode compared to the BoL and the realization that self-
reinforcing behavior can occur due to through-plane gradients, aged
thermophysical properties should be considered when designing BTMS
and second life applications. The changes in the thermal behavior of the
battery electrodes are determined not only by the overall SoH or the
average aging temperature of the cell, but also significantly by the
thermal boundary conditions given, temperature distribution occurring
within the cells and the direction of the temperature gradients. This
classification of the three levels of impact can also be applied to other
cell designs and chemistries, but the respective characteristics of the
aging mechanisms and the associated effect on the thermophysical
properties cannot be directly transferred.

The aging-induced changes in thermophysical parameters should
also be further investigated in the future incorporating additional aging
conditions and extensive analysis for the correlation with the underlying
aging effects as well as targeting further cell chemistries for a deeper
understanding. Another aspect is the transfer to the cell level. Further
investigations are necessary to assess the effects of these local changes in
electrode properties on the overall cell behavior and to make predictions
about thermophysical properties based on aging. In addition, the influ-
ence of possible electrolyte dry-out on the thermophysical properties
can be investigated at cell level.
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