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1. Introduction

To ensure a safe operation and long lifetime of lithium-ion
batteries, a well performing battery management system is
necessary.[1] Accurate predictions and knowledge of the state
of health (SoH) are essential to estimate the remaining battery
lifetime. The SoH of a lithium-ion battery is commonly defined
as the relative capacity loss which is strongly affected by the bat-
tery operating conditions.[2] One of these strongly influencing
factors is the temperature. Generally, at lower and higher tem-
peratures than the optimum temperature around 25 °C, the
capacity loss increases with cyclic aging.[3] The extent, however,
might vary from cell to cell.[4,5] Moreover, the temperature inside

lithium-ion battery cells can become inho-
mogeneous during application due to an
interplay of heat flux and solid-state diffu-
sion.[6] Temperature differences arise
depending on the current rate (C-rate),[7]

the cell format and material loading,[7]

tab design,[8–10] and the cooling sce-
nario.[9,11] For example, in case of an
16 Ah nickel manganese cobalt oxide
(NMC)/graphite pouch cell, forced air cool-
ing at 25 °C and 8C loading, Waldmann
et al.[7] found the in-plane gradient to
be at a maximum of 10.5 K. On a 1.5 Ah
NMC/graphite pouch cell with in-built sen-
sor, they concluded the through-plane ther-
mal gradient to be an order of magnitude
lower. Another study on 20 Ah lithium
iron phosphate pouch cells and extreme
conditions such as low ambient tempera-
tures (�10 °C) and high C-rates (10C)
revealed an in-plane and through-plane
temperature difference of 18–20 K.[12]

Nonuniformities in temperature have shown to cause
nonuniform aging.[13,14] Oftentimes, areas of higher tempera-
ture, usually in the cell center, are prone to lithium plating
due to an interplay of increased temperature and current
density.[13–17] More specifically, the temperature and current dis-
tribution were suggested to cause a lithium concentration gradi-
ent which breaches the operating potential window.[14] Changes
in the local potential were also observed by others.[13,18] Also, on a
smaller scale, the lithium deposition rate was proven to increase
in areas of thermal hotspots due to increased current
densities.[19]

However, for cells exposed to a thermal gradient, lithium plat-
ing was also found in lower-temperature areas of the cells during
fast charging[20] and normal cycling.[21] The intercalation reaction
is strongly Arrhenius dependent.[22] Sun et al.[18] could explain
this shift from plating at the area of higher to lower temperature.
At the beginning of charging, the plating occurs at the
area with higher temperature due to increased current density
and then begins to accelerate in the area of lower temperature
due to the named increased resistances. The shifting to the area
of lower temperature increased with increasing temperature
difference.

Not only the temperature difference but also the direction of
the gradient was found to alter the aging mechanisms.[11,17,23]

This is true for both the direction of through-plane and in-plane
thermal gradients[11,17] as well as the location of negative
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and positive electrode relative to the through-plane gradient.[23]

In-plane thermal gradients did not cause a higher amount of lith-
ium plating compared to a cell at the average temperature.[17]

Also, for other aging mechanisms, Paarmann et al.[21] could cor-
relate local aging behavior to the local temperature. A different
behavior was observed for through-plane gradients. As soon as
the negative electrode temperature is below the positive electrode
temperature, lithium plating is favored.[17] When the negative
electrode temperature is higher than the positive electrode
temperature, increased positive electrode degradation was
observed.[23]

For the overall capacity loss under cyclic aging with thermal
gradients, different conclusions were drawn. In one experimen-
tal cyclic aging study[5] on commercial cells with a superimposed
thermal gradient, the authors compared the aging behavior
to a cell aged at the average homogeneous boundary condition.
In this study, the capacity loss for a cell with an in-plane thermal
gradient of 50 K (0–50 °C) were found to be comparable to a cell
aged at 25 °C. In a simulative study, the hypothetical average
aging temperature was found to increase by 10% of the temper-
ature difference in comparison to the mean temperature.[24]

Contrarily, through-plane thermal gradients due to surface cool-
ing have shown accelerated capacity loss in comparison to in-
plane thermal gradients due to tab-cooling.[11] Even though
the surface cooling led to lower average temperature and there-
fore less aging than expected from an aging law, the temperature
difference caused accelerated aging. A positive feedback mecha-
nism was found between current inhomogeneity, inhomoge-
neous aging and resistance increase.[25] Others predicted the
opposite. They have simulated a reduction in impedance gra-
dients in the cell due to the higher stress and rise of the imped-
ance in areas of higher temperature.[24,26] In the case of increased
fundamental aging for higher temperatures, tab cooling was
found to result in a higher aging rate than surface cooling.[27]

The influence of through-plane thermal gradients was also
investigated in a coin cell setup. The capacity fade was
massively increased with a superimposed through-plane thermal
gradient.[23]

Regarding the impact of gradients on the aging behavior
of single cells, both a positive and a negative feedback mecha-
nism have been postulated. This is similar for parallel connected
cells with inhomogeneities. Parallel connected cells were previ-
ously used to represent a single cell.[11,28] Parallel connected
cells with different SoH have shown to converge over the course
of aging.[29] However, in other experiments with superimposed
thermal gradients[30,31] or inhomogeneous temperature fields
due to self-heating[32,33] no such converging was observed. On
top, thermal gradients have caused accelerated aging in parallel
connected cells.[34–36] Marlow et al.[37] found that the cells could
only converge during aging under homogeneous temperature
and not with thermal gradients.

All in all, there is contradiction in the published work on the
impact of thermal gradients on cyclic aging. Furthermore,
experimental data sets on the direct comparison of in-plane
and through-plane thermal gradients are missing. Therefore,
we present a cyclic aging study with these two types of superim-
posed thermal gradients on the cyclic aging behavior of a large
format pouch cell. In a first step, the aging acceleration with
thermal gradients are compared to a reference homogeneous

temperature condition.[4] In a second step, the aging behavior
of the in-plane versus the through-plane thermal gradient is dis-
cussed. To do so, it is essential to analyze not only the global but
also the local aging behavior.

2. Experimental Section

The cells under investigation were 20 Ah pouch cell
(SPB58253172P2, Enertech International, Inc.) with a counter
tab configuration and consist of an NMC111-lithium manganese
oxide (LMO) blend positive and a graphite negative electrode.[4]

Ten cells were aged with well-defined test conditions of which
four test conditions were repeated. Ideally, a minimum amount
of 9 cells should be tested for each test conditions to account for
cell-to-cell variability.[38] To check this manufacturing variability,
the standard deviation of the initial nominal capacity measure-
ment was calculated to be as low as 0.07 Ah. The maximum rated
constant currents as defined by the cell manufacturer were
5C in charging and 7C in discharging direction.

The focus of this study was on the effect of inhomogeneous
thermal boundary conditions on the cyclic aging behavior.
Therefore, custom thermal plates with fluid channels supplied
with water from cryostats and thermostats (ECO 4S, RE1050S,
VARIOCOOL 2000 (LAUDADR. R. WOBSER GMBH&CO. KG))
were applied. A schematical depiction of the thermal plate setup
for in-plane (Iy) and through-plane (Iz) thermal gradients is given
in Figure 1a,b. In the case of a through-plane gradient, the ther-
mal plates on either side of the pouch cell had different
temperatures (Figure 1a). The in-plane gradient was achieved
with fluid channels at different temperatures over the width of
the pouch cell stack (Figure 1b). The temperature on the pouch
cell surface was controlled with thermocouples with a diameter of
0.5mm placed on top of the pouch cell (type K, ES Electronic
Sensor GmbH). The position of these thermocouples depended
on the direction of the thermal gradient. They were either posi-
tioned in the center on each side of the pouch cell (through-plane
gradient) or at the edge of the pouch cell stack underneath the
fluid channel (in-plane gradient). The height of the thermocouple
was compensated using a 1mm gap filler (TGF-V-Si, HALA
Conec GmbH & Co. KG) indicated in a dark gray.

Special emphasis was put on the tab cooling. The tab temper-
ature was expected to affect the nearby electrode stack tempera-
ture field.[39,40] While this was advantageous for the in-plane
thermal gradient, it was expected to disturb the through-plane
thermal gradient temperature field. Therefore, the tabs with
through-plane thermal gradient were not actively cooled. They
were isolated from the thermal plate with a polyoxymethylene
(POM) layer. In case of active cooling for the in-plane thermal
gradient, the tabs were only electrically insulated from the plates
via a thin gap-filler (KERATHERMU90K, KERAFOL Keramische
Folien GmbH & Co. KG).

In this work, the temperature test conditions are referred to
with the rounded values given in the “cell name”. Cells at
the same thermal boundary condition were indicated with the
suffix “b”. The exact measured minimum (min) and maximum
(max) temperature boundary condition of each investigated
pouch cell averaged over the cyclic aging time is given with
the standard deviation in Table 1. While the temperature was
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subject to slight fluctuations over the cycling time
as illustrated with the standard deviations in Table 1, it
did not systematically increase over the cycling time due to
sufficiently designed heat transfer of the thermal plates.
For an in-plane thermal gradient, the temperature probe on
top of the pouch foil close to the negative electrode tab was eval-
uated for the minimum temperature boundary condition. The
temperature probe close to the positive electrode was evaluated

for the maximum temperature boundary condition, respectively
(see Figure 1b). The lower temperature was applied to the side of
the negative tab for all in-plane thermal gradients. For the
through-plane thermal gradients, the temperature probes at
the very center (x, y) of the pouch foil at the top and the bottom
of the cell with respect to the z axis were evaluated as indicated in
Figure 1a. For some cells with an applied through-plane gradient,
additional thermocouples were placed close to the fluid channel
similar to the in-plane gradient. In such a case, the given
temperature in Table 1 is an average of both temperature probes.

A spatially and temporally average temperature was deter-
mined using the concept of the equivalent aging temperature
TEAT.

[5] Applied on the current problem, the equivalent aging
temperature simplified to an average of the minimum and maxi-
mum temperature measured over the cycling time at the spatial
boundaries of the cell. Three temperature levels with different
temperature differences were selected to ensure a broad test
matrix while keeping the electric and fluidic infrastructure reli-
ably manageable. The temperature differences were chosen in
the order of 20 K as such values have previously been observed
for extreme load scenarios and 20 Ah cells.[12] For each condition,
at least one test point was performed with an in-plane and
through-plane thermal gradient. A second test point was per-
formed for medium and higher average temperatures. The
low to medium temperature test point was between 10 and
25 °C with an equivalent aging temperature of 17.5 °C, which
was approximately comparable to the cell aged at a homogeneous
temperature of 19 °C. The highest temperature difference

Figure 1. Schematic illustration of different experimental setups to apply a) a through-plane (Iz) and b) in-plane (Iy) thermal gradient boundary
condition. The example is made for a gradient of 10–40 °C measured with thermocouples on top of the pouch foil (pouch foil and separators are
not shown in this illustration). The positions of the thermocouples are indicated with black dots. The temperature profile is schematically
shown for low (blue), medium (green), and high temperature (yellow) (positive electrodes (PE) and positive tabs (PTab)—orange; negative electrodes
(NE) and negative tabs (NTab)—black). c) Picture of pouch cell setup in thermal plates for an in-plane thermal gradient inside the thermal chamber.

Table 1. Cell names, measured average minimum, and maximum
temperatures during cyclic aging at the pouch cell surface
with standard deviation, equivalent aging temperatures (TEAT), test
batch, and minimum (min) SoH at the end of the cyclic aging study.

Cell name Tmin [°C] Tmax [°C] TEAT [°C] Test batch SoHmin [%]

Iy 10 °C 25 °C a 9.6� 1.0 25.1� 1.0 17.3 1 –

Iz 10 °C 25 °C a 10.4� 0.6 25.9� 0.6 18.2 1 –

Iy 10 °C 40 °C a 11.2� 0.3 40.8� 1.2 26.0 1 79.8

Iy 10 °C 40 °C b 10.6� 0.3 40.5� 0.7 25.6 1 82.7

Iz 10 °C 40 °C a 11.4� 0.3 39.1� 0.9 25.3 1 –

Iz 10 °C 40 °C b 10.5� 0.3 40.5� 1.2 25.5 1 82.0

Iy 30 °C 50 °C a 31.0� 0.5 50.0� 0.3 40.4 1 69.7

Iy 30 °C 50 °C b 30.5� 0.3 51.4� 0.3 41.0 2 –

Iz 30 °C 50 °C a 32.2� 1.1 50.8� 0.4 41.5 1 66.8

Iz 30 °C 50 °C b 31.6� 1.3 50.0� 1.7 40.8 2 –
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stretched from 10 to 40 °C, which was directly comparable to
homogeneously aged cells at 25 °C. The medium to high temper-
ature test point was between 30 and 50 °C. This test point was
also directly comparable to the homogeneous test point at 40 °C.

The reference test points with a homogenous temperature
boundary condition were acquired from Cloos et al.[4] To ensure
comparability to these reference conditions, electrical and
mechanical boundary conditions needed to be the same and
are summarized in the following. The plates pressurized the cells
with springs at 0.5 bar. The spring force was expected to increase
over the course of aging due to a thickness increase of the cells.
The cells inside the thermal plates were put on a tray (see
Figure 1c) in a thermal chamber to ensure an ambient tempera-
ture of 25 °C. The cycling was performed with a BaSyTec XCTS
(BaSyTec GmbH). The relevant applied C-rates during the cycling
and checkup routine for this work are shown in Table 2. The
checkup routine was always conducted at 25 °C with active liquid
cooling. The checkup interval varied from 50 full cycles to 100 full
cycles depending on the test batch. Cloos et al.[4] suggested the
checkup interval to have no observable impact.

For postmortem analysis, cells with medium and higher aver-
age temperature were opened after being discharged at constant
current (CC) with a rate of C/2 to the cutoff voltage and relaxed.
The cells reached different SoH before cell opening due to either
different capacity loss trajectory or different number of total
cycles (Table 1). Before cell opening, thickness measurements
of the pouch cells were conducted and compared to uncycled
cells with a caliper (0–30� 0.01mm, Vogel Germany GmbH
& Co. KG). Each position was measured at least three times.
In an inert environment, the cells were then opened and pictures
were taken. Specific sheets were washed with dimethyl carbonate
(DMC) and transferred and inserted into the microscopes:
a digital light microscope (VHX 7000, Keyence Corporation),
scanning electron microscope (SEM) (LEO 1530 Gemini), as well
as an SEM (Zeiss 1540 XB) with energy-dispersive X-ray spec-
troscopy (EDX) (Bruker Quantax AXS, acceleration voltage of
15 kV) with short exposure to air. Furthermore, on a sample
of scraped off depositions found on the negative electrode, induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
was conducted (iCAP 7000, Thermo Fisher Scientific).

3. Results and Discussion

Previously, the global behavior of cells aged with an in-plane
thermal gradient has been found to be similar to the reference
temperatures,[5] although postmortem analysis revealed visible
alterations on the electrode surfaces.[21] Therefore, the results
in this work are evaluated both in terms of the overall capacity
and resistance increase and visual consequences of aging
processes on electrode and particle level.

3.1. Capacity Loss and Resistance Increase

The capacity loss and pulse resistance at 18 s and 50% state of
charge (SoC) of cells with superimposed inhomogeneous
temperature boundary condition is compared to the reference
of a cell with homogeneous boundary condition over equivalent
full cycles (EFC) in Figure 2a,b. The colors have been
chosen according to the equivalent aging temperature test point
(light blue—19 °C, green—25 °C, yellow—40 °C). Homogeneous
thermal boundary conditions are shown with circles.[4] The dia-
mond represents the through-plane thermal gradient (◊—Iz)
and the triangle represents the in-plane thermal gradient
(▹—Iy). Additional test points at the same conditions are pre-
sented with unfilled markers.

The capacity loss of all investigated thermal boundary
conditions is widely overlapping at first (Figure 2a). Then, the
curves diverge into a linear regime and a clear grouping of equiv-
alent aging temperatures can be seen. The capacity loss increases
with increasing equivalent aging temperature also for the cells
with a thermal gradient (19 °C light blue< 25 °C green< 40 °C
yellow). The lowest capacity loss was previously found at an aging
temperature of 19 °C for the investigated cell.[4] Qualitatively, the
inhomogeneously aged cells showed the same aging trajectory as
their respective homogeneous counterparts. This supports the
concept of equivalent aging temperature.[5] The inhomogeneous
thermal boundary conditions reached a slightly lower SoH than
the cell at the equivalent aging temperature. This is true for all
temperature levels.

At lower (light blue) and medium (green) average tempera-
tures, the capacity loss of the in-plane and through-plane
gradients are overlapping. This can be clearly seen in case of
medium (green) average temperatures. This trend is different
for higher average temperatures (yellow). The slope of
both cells aged with a through-plane thermal gradient is slightly
increased in comparison to both cells with an in-plane thermal
gradient. In Figure 2a, the difference can only be seen between
Iy 30 °C 50 °C a and Iz 30 °C 50 °C a because they were cycled to a
lower SoH. The through-plane gradient Iz 30 °C 50 °C a resulted
in an earlier capacity knee onset and lower SoH than the in-plane
gradient Iy 30 °C 50 °C a.

Similar trends can be observed for the pulse resistance
increase at 50% SoC in Figure 2b. The difference between the
inhomogeneous and homogeneous aging temperatures is even
less obvious. Furthermore, the resistance increase of the cells
at higher (yellow) average temperatures cannot be differentiated
between in-plane and through-plane thermal gradients.

For the homogeneous reference conditions, Cloos et al.[4] sug-
gested the resistance increase not to directly cause the capacity loss
acceleration. More so, the capacity loss could be correlated to the
dominant degradation mode being loss of lithium inventory.
Therefore, the acceleration (A) of the capacity loss of the inhomo-
geneous temperature (T ) condition is compared to the reference
homogeneous temperature condition in Table 3.

To put the findings into context, experimental aging studies on
commercial cells from literature are analyzed as well. Generally,
an acceleration can be compared in multiple ways. If the goal is to
reduce the testing time of aging tests, the time to reach a certain
SoH is usually compared.[16,41] Here, the additional loss of

Table 2. Applied C rates during cycling and checkup.[4]

Cycling 2C between cutoff voltages 3 and 4.2 V (no pauses)

Checkup nominal capacity (CN) C/2
Pulse 1C, 50% SoC in discharging direction
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capacity for the same cycling time is of interest. Two different
methods are evaluated. The first comparison (AI) is made at a
specific SoH of the reference condition. More specifically, the
additional capacity loss of the accelerated (here, inhomogeneous
[I]) case is compared to the reference test condition at 93% SoH
(Equation (1)) at the respective cycle by interpolating with a linear
fit performed inMATLAB in the relevant�30% cycle region. The
second comparison (AII) is made for the capacity loss rate of the
linear aging trajectory if the Ah-based capacity loss is known
(here, SoH over EFC, Equation (2)).[5]

AI ¼
SoHref � SoHI

1� SoHref
(1)

AII ¼

�
�
�
ΔSoHI
ΔEFCI

� ΔSoHref
ΔEFCref

�
�
�

�
�
�
ΔSoHref
ΔEFCref

�
�
�

(2)

The acceleration analysis with methods AI and AII including a
combined standard uncertainty (Type B, guide to the expression
of uncertainty in measurement (GUM)[42]) of the data in this
work is specified in the following. Since the capacity loss shows
a clear linear regime, the fitting procedure described by Cloos
et al.[4] can be applied. We suppose the uncertainty of the linear
fit represents the uncertainty of the discrete checkup points. The
uncertainty of the linear fit is judged with half of the 95%

(a) (b)

Figure 2. a) Relative capacity loss over equivalent full cycles (EFC); b) relative pulse resistance increase over EFC evaluated at 18 s and 50% SoC.
The colors are chosen with the respective equivalent aging temperature (light blue—19 °C, green—25 °C, yellow—40 °C). Circles represent
homogeneous thermal reference conditions (Reproduced with permission under the terms of Creative Commons Attribution 4.0 License CC BY.[4]

Copyright 2024, The Authors. Published on behalf of The Electrochemical Society by IOP Publishing Limited.). Diamonds represent the through-plane
thermal gradients. Triangles represent in-plane thermal gradients. Reproduction cells (“b”) are shown with unfilled markers.

Table 3. Comparison of aging acceleration (A) between reference and inhomogeneous aging temperature (T ) condition for Equation (1) and (2) for
different studies including the C-rate for capacity measurement during checkup.

References C-rate Reference T condition Inhomogeneous T condition AI [%] AII [%]

Hunt et al.[11] 1C Forced air cooling at 20 °C Two-sided cooling at 20 °C 38 –

Werner et al.[5] C/20 Two-sided cooling at 25 °C Two-sided cooling Iy between 0 and 50 °C 40 26

This work C/2 Two-sided cooling at 25 °C Two-sided cooling Iy between 10 and 40 °C 12� 5 25� 4

This work C/2 Two-sided cooling at 25 °C Two-sided cooling Iz between 10 and 40 °C 12� 4 26� 4

This work C/2 Two-sided cooling at 40 °C Two-sided cooling Iy between 30 and 50 °C 20� 7 8� 3

This work C/2 Two-sided cooling at 40 °C Two-sided cooling Iz between 30 and 50 °C 26� 8 19� 3
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confidence interval of the fit parameters. This uncertainty prop-
agates into the calculation of AI and AII. If there are reproduc-
ibility tests present, an average of the fit parameters is directly
calculated in AI and AII. This combined standard uncertainty
is given in Table 3. With this method, the reproducibility of test
“b” in comparison to “a” can also be calculated. The largest rela-
tive difference was found for Iz 10 °C 40 °C a and Iz 10 °C 40 °C b
with 4%which is within the calculated combined standard uncer-
tainty of 4%.

The uncertainty analysis also reveals that the difference in
acceleration of the lower-temperature regime (Iy 10 °C 25 °C a,
Iz 10 °C 25 °C a) is lower than the uncertainty. This is due to
the limited number of test points in the linear capacity loss
regime. As no reproducibility tests were available and as the
equivalent aging temperatures are not directly comparable in this
case (Table 1), we refrain from an interpreting discussion on
these cases.

Before analyzing the results, it must be noted that the aging
study of Hunt et al.[11] is not directly comparable to the study
of Werner et al.[5] and this study. In the case of Hunt et al.[11]

two different cooling scenarios—forced air versus side cooling
by Peltier elements and copper plates—are compared and there-
fore the equivalent aging temperatures are not the same. Still,
due to the limited amount of experimental data sets, a
comparison can be made with method AI. It reveals an aging
acceleration that is similar to the study of Werner et al.[5]

With this method, the aging acceleration of the inhomogeneous
Iy and Iz between 10 and 40 °C of this work is comparably
lower. That is because, at the reference condition of 93%
SoH, the aging trajectories are still strongly overlapping. This
also highlights a main difference between this study and the
studies of Werner et al.[5] and Hunt et al.[11] Their cells at the
inhomogeneous temperature condition already showed a larger
initial capacity drop than the reference. This is why the compari-
son of the slope of the linear aging trajectory makes more
sense here. Interestingly, the acceleration with method AII is
25� 4% for both the inhomogeneous Iy and Iz temperature con-
dition at an equivalent aging temperature of 25 °C and is the
same for the investigated cell of Werner et al.[5] even though
the temperature difference was 20 K higher. Method AII also
reveals lower accelerations for higher equivalent aging temper-
atures with lower-temperature differences and a difference
between inhomogeneous Iy and Iz temperature at this tempera-
ture level.

Before discussing the reasons for this aging acceleration in the
following chapters, a first conclusion can be drawn. The aging
acceleration due to inhomogeneous temperature conditions is
around 25% in comparison to the homogeneous reference
condition, i.e., quite significant. As stated by Li et al.[25]

neglecting inhomogeneities leads to unprecise battery cell mod-
els. However, the overall acceleration by increasing the equiva-
lent aging temperature is a lot higher than that by the
thermal gradient which is in line with the study of Werner
et al.[5] The aging acceleration caused by increasing the
temperature from 25 to 40 °C is 6 times higher (153� 8%)
compared to a thermal gradient from 10 to 40 °C (25� 4%)
for the investigated cells. This also means that the drastic capacity
loss due to a through-plane thermal gradient on a coin cell as

reported by Carter et al.[23] could not be confirmed for the pouch
cells in this study.

3.2. Postmortem Analysis

Even though the aging acceleration by thermal gradients were
not as severe as 300% as predicted by Li et al.[25] strong local
changes of the electrodes according to their local temperature
were previously found by Paarmann et al.[21] For this reason,
selected cells from the test described earlier were opened and
visually inspected. In a first step, the cells which were exposed
to the largest temperature difference between 10 and 40 °C
are discussed. In this case, no difference in capacity loss was
observed for the directionality of the thermal gradient.

During cell opening, strong inhomogeneities on the negative
electrodes have been observed for in-plane and through-plane
thermal gradients. This was not obvious for the positive electro-
des. Negative electrode sheets of both Iy 10 °C 40 °C a and Iz
10 °C 40 °C b are shown in Figure 3. As indicated in the figure,
the region of the electrode sheet exposed to the lower tempera-
ture was at the side of the negative tab for the in-plane gradient Iy
10 °C 40 °C a. The thermal gradient resulted in a color fade from
gray to blue to yellow following the regions exposed to lower,
mean, and higher temperature (Figure 3a). This behavior was
more pronounced toward the top of the electrode sheet, while
the bottom was darker in color. Top and bottom is with respect
to the x coordinate. The cells were cycled in an “upright” position
as shown in Figure 1c. The sheet shown in Figure 3a is repre-
sentative for the whole cell stack except for the outermost
negative electrode coating facing outside. This outer sheet coat-
ing faced the single-side-coated positive electrode which was not
representative. Small white depositions close to the negative tab
but on some sheets also to the positive tab and on the corners
could be observed with sufficient magnification on most negative
electrode sheets. Generally, these depositions remained even
after washing with DMC. This behavior was less severe for
the cell Iy 10 °C 40 °C b at the same cyclic aging conditions but
a higher SoH at cell opening. Otherwise, the results were
transferrable. Particular to the presented sheet of the cell Iy
10 °C 40 °C a in Figure 3a was the hole in the yellow area. A mag-
nification with a light microscope is shown in Figure 3b.
A circular area was bare of coating and surrounded by white dep-
ositions. Such holes in the negative electrode coating were oth-
erwise only found in areas of white deposition at the edges. An
example can be made on a differently aged cell with a through-
plane thermal gradient Iz 10 °C 40 °C b with spread out cover
layer in Figure 3d. For this cell, the negative electrode coating
is missing in an area of strong white cover layer close to the loca-
tion of the positive electrode tab of cell.

Most of the trends of in-plane thermal gradient Iy 10 °C 40 °C a
can be transferred to the through-plane thermal gradient Iz
10 °C 40 °C b. For example, the graphite showed a lighter yellow
color in the area of higher local aging temperature which was
more pronounced at the top with respect to the x coordinate
(Figure 3c). Throughout the cell stack, the local temperature
would decrease for each electrode sheet under the assumption
of an ideal linear temperature gradient. Following this local tem-
perature decrease, the negative electrode sheets turned darker.
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Close to the outer electrode sheets exposed the lower-
temperature boundary condition, a white cover layer appeared
at the top of the sheet (Figure 3d). The light microscopy of such
a continuous cover layer revealed small white and metallic
clusters (Figure 3e).

The elemental composition of the scraped off deposition
(cover layer on the negative electrode of Iz 10 °C 40 °C b) was
analyzed. In ICP-OES, lithium was the largest measurable con-
tent while phosphor, manganese, aluminum, and other metals
are present in smaller quantities. Apart from carbon, the EDX
revealed oxygen and fluorine. This cover layer could
potentially be lithium plating with subsequent electrolyte reac-
tion or other side reaction products. In line with this
hypothesis is the location of the cover layer. The cells were in
an upright standing position during the cyclic aging study.
Previously, accumulated electrolyte at the bottom was reported
by other authors after aging.[44] Loss of LiPF6 has shown to
decrease the rate capability severely[45] and facilitate lithium
plating.[46] However, the investigated cell at the same upright
cycling position showed no such continuous cover layer at a
homogeneous aging temperature of 4 °C[4] where lithium plating
would be more likely.[3] All in all, the reason is probably a com-
bination of lack of electrolyte and the thermal gradient.

For the in-plane thermal gradient, white depositions were only
found at the edges and close to the tabs. Lithium plating close to
the tabs due to increased local currents[47] is a known phenome-
non. Still, this cell was not sensitive to lower temperatures[4] and
is high charging rate tolerant. Therefore, this condition might
generally not be as harmful for the investigated cell. Another

phenomenon—the lack of coating on the negative electrode—
could be linked to high local currents as well. It looks like a soft
short circuit (Figure 3b). The growth mechanism of lithium den-
drites are very complex[48,49] and many external conditions such
as local temperature hotspots[19] or the presence of metals from
the positive electrodes can induce soft short circuits.[50,51] Since
this lack of coating was only found once in this yellow area and a
couple times in the area of white depositions close to the tabs, no
further statements are possible. It must be noted that this phe-
nomenon was only found for inhomogeneously aged cells of in
this study.

Apart from the mentioned deposition, the color differences of
the negative electrode sheet were the most prominent feature.
Usually, such color differences of graphite are associated with
different lithiations stages. The dark gray color indicates mini-
mally lithiated graphite. Increasing lithiation is reflected in colors
ranging from dark blue over red to gold.[52] Still, a homogeniza-
tion of the lithiation differences are expected within 20 to 40min
of relaxation.[53] The cells were opened a couple of weeks after the
end of cycling and had time to homogenize. Storch et al.[54] found
the blue color of their aged cells to be associated with increased
solid-electrolyte interface (SEI) and the presence of manganese.
While the presence of manganese on the negative electrode was
already proven for the cells in this work, the presence of
increased SEI needs to be investigated.

In Figure 4, SEM pictures of the negative electrodes of a cell
aged with an in-plane thermal gradient between 10 and 40 °C are
shown. While the edges of the graphite particles are sharp in a
position that was in the region of the lower-temperature

Figure 3. a) Negative electrode sheet of cells aged with an applied in-plane thermal gradient between 10 and 40 °C (Iy 10 °C 40 °C a) including size[43]

and b) light microscopy of phenomenon of missing negative electrode coating; c) negative electrode sheets of a cell aged with an applied through-plane
thermal gradient (Iz 10 °C 40 °C b) at the maximum temperature (Tmax) side to d) the minimum temperature (Tmin) side and e) light microscopy of cover
layer; positions of shown electrode sheets as illustrated in schematic depiction of positive (PE) and negative (NE) electrode stack.
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boundary condition of 10 °C (Figure 4a), blurring of the edges
can be seen in a region close to the higher temperature boundary
condition of 40 °C (Figure 4b). Blurring of the edges of graphite
particles can be attributed to increased SEI growth.[21] This can
be supported by an increase in pouch cell thickness from cell tab
to cell tab (y direction) in the direction of the thermal gradient
(Figure 5). The pouch cell thickness was significantly increased
in general but more so at the side of the higher temperature
region which was close to positive electrode tab. The thickness
increase is more extreme close to the tab than at the top (x direc-
tion) of the cell. The cell under investigation has shown to be
susceptible to increased SEI growth affected by transition metal
dissolution at medium to higher temperatures.[4] This means
that the local SEI is comparable to that of a homogeneously aged
counterpart at the respective temperature. These similarities
between local aging phenomena and local temperature were also
found by Paarmann et al.[21]

The increased SEI at the region with higher local temperature
would cause a negative feedbackmechanism on the current inho-
mogeneity if the initially lower resistances at higher temperature

converge over aging due to increased aging at higher tempera-
tures.[24,26,37] Still, the capacity loss is slightly increased in com-
parison to aging at the equivalent aging temperature. This means
that the lower-temperature side cannot fully compensate the
accelerated aging at the higher temperature side. Since both
in-plane and through-plane thermal gradients lost capacity at
the same rate, this mechanism of increased local SEI growth
is likely the dominant one even though a white cover layer
was found on the outermost negative electrode sheets of the
through-plane thermal gradient. Contrarily, at higher equivalent
aging temperatures of 40 °C, the capacity loss acceleration dif-
fered for in-plane and through-plane thermal gradients.
Therefore, the mechanisms must be investigated for this test
point as well.

The cells at higher equivalent aging temperature of Iz
30 °C 50 °C a and Iy 30 °C 50 °C a which had already experienced
a capacity knee were opened. In Figure 6, a representative nega-
tive electrode sheet of the cell with the in-plane thermal gradient
Iy 30 °C 50 °C a is shown. The color differences are less distinct
than for the cell Iy 10 °C 40 °C a. This is not surprising as all local
temperatures are at higher aging temperatures than 25 °C which
results in similar aging mechanisms.[4] The aforementioned
white singular depositions on the negative electrode sheet were
more prominent for the cell Iy 30 °C 50 °C a than for the cell
Iy 0 °C 40 °C a. These pillar-like depositions were related to the
capacity knee,[4] which only the cell Iy 30 °C 50 °C a had experi-
enced. All in all, this means that an in-plane thermal gradient
of 20 K at an average temperature above 25 °C and below
50 °C accelerates the capacity loss rate (8� 3%) and local aging
mechanisms only slightly in comparison to the equivalent aging
temperature.

Figure 4. SEM pictures of negative electrode of cell Iy 10 °C 40 °C b taken at
different positions closer to the area exposed to a temperature of a) 10 °C
(Tmin) or b) 40 °C (Tmax).

Figure 5. Thickness of pouch cell Iy 10 °C 40 °C a after cyclic aging in com-
parison to a cell at begin of life (BoL) measured at the top of the pouch cell
and close to the tabs plotted over the width of the pouch cell. The tab of the
positive electrode (TabPE) was exposed to the higher aging temperature of
40 °C and tab of the negative electrode (TabNE) to the lower aging
temperature of 10 °C. The standard deviation is shown with error bars.

Figure 6. Negative electrode sheet from cell (Iy 30 °C 50 °C a) aged with
an applied in-plane thermal gradient from 30 to 50 °C.
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Very different observations were made for the cell with the
through-plane thermal gradient Iz 30 °C 50 °C a during the cell
opening. The disassembly of the electrode sheets was difficult.
A lot of debris stuck to the separator (Figure 7b,f ). Also, the posi-
tive electrode was brittle and peeled off in some areas. Similar to
the in-plane thermal gradient Iz 10 °C 40 °C b, this cell had a con-
tinuous white cover layer over the entire negative electrode sheet
at the lower-temperature side (here, 30 °C, Figure 7a). Going
through the stack toward the higher temperature boundary con-
dition, the consistent cover layer became smaller and individual
pillar-like depositions appeared. Then, the negative electrode
sheets changed again toward the condition shown in Figure 7c
which was close to the higher temperature boundary condition
of 50 °C. The light microscopy revealed white depositions in a
honeycomb structure (Figure 7d) on very fractured coating and
darker areas (Figure 7e) in between. Such a structure is not
known to the authors. Potentially, it could be related to an elec-
trolyte dry-out phenomenon as seen by Matadi et al.[55] In both
cases (Figure 7a,d), the negative electrode sheet differs from
the center to the edges. This locally different aging behavior could
be due to slightly inhomogeneous temperature field[14] or to inho-
mogeneous compression[56] due to lower pouch cell thickness at
the edges and/or the salt inhomogeneity.[57] The latter is in line
with the hypothesis on the origin of the inhomogeneities on the
negative electrode sheet over the x axis found for the cells with a
thermal gradient between 10 and 40 °C in Figure 3.

These results suggest a correlation between the visible elec-
trode alterations and the increased capacity loss of the cells aged
with a through-plane thermal gradient compared to those cells

aged with an in-plane gradient from 30 to 50 °C. While the
negative electrode sheets of the cells with an in-plane gradient
from 30 to 50 °C were only covered in spread-out white deposi-
tions, many of the sheets of the cell with a through-plane gradient
were completely altered. For future research, it remains to ana-
lyze why the through-plane thermal gradients caused these
additional aging mechanisms—being a consistent white cover
layer at the lower-temperature side and additional structure on
the higher temperature side. Fear et al.[17] suggested that the
solid-phase potential shifts which causes a driving force for lith-
ium deposition when the negative electrode temperature is lower
than the positive electrode during charging. In a pouch cell with
double-side-coated electrode sheets—under the assumption of
an ideal temperature gradient—the sign of the temperature
gradient of each positive and negative electrode pair would be
alternating. Still, postmortem analysis revealed similar behavior
for the negative electrode sheets in regions of similar local tem-
perature rather than the position with regards to the positive
electrode. Following from this, the local aging temperature
seems to be a very important stress factor. Therefore, the differ-
ences in aging mechanisms between in-plane and through-plane
thermal gradients might be related to different temperature dis-
tribution and absolute maximum local temperatures. Differences
are probable due to different in-plane versus through-plane
thermal conductivities.[58] A highly spatially resolved thermal
model could shed some light on this hypothesis. As a conse-
quence, changing the minimum temperature of the in-plane
thermal gradient to the positive electrode might also alter the
results.

Figure 7. Negative electrode sheets of a cell aged with a through-plane thermal gradient (Iz 30 °C 50 °C a) close to the thermal boundary condition of
a) 30 °C and c) 50 °C with respective separators b,f ) as well as light microscopy pictures of negative electrode sheet close to thermal boundary
condition of 50 °C with d) lower and e) higher magnification.
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4. Conclusion

With this work, we contributed to the limited number of experi-
mental studies on the impact of inhomogeneous temperature
boundary conditions on the cyclic aging behavior of lithium-
ion battery cells. Both in-plane and through-plane inhomoge-
neous boundary conditions were in focus due to different
findings with regards to capacity loss acceleration in literature.
The cyclic aging study was performed on a set of 10 samples
of a 20 Ah NMC111-LMO graphite pouch cell. The temperature
boundary conditions were applied with thermal plates. Different
temperature levels with temperature differences from 15 to 30 K
were tested. For all investigated conditions, both through-plane
and in-plane thermal gradients accelerated the capacity loss rate
from 8% to 26%� 4% in comparison to the reference case with
homogeneous equivalent aging temperature. While the capacity
loss rate of through-plane and in-plane thermal gradients did not
differ for medium (25 °C) equivalent aging temperatures, it did
for higher equivalent aging temperatures (40 °C).

With means of postmortem analysis, we tried to shed light on
the main mechanisms for the aging behavior with superimposed
thermal gradients. Increased SEI growth according to the locally
higher aging temperature was confirmed with SEM and pouch cell
thicknessmeasurements. This suggests that the aging acceleration
of an in-plane thermal gradient was determined by the sum of the
local aging accelerations. Yet, for the through-plane thermal gra-
dient, additional aging mechanisms such as a continuous cover
layer at the lower-temperature side were found. At higher equiva-
lent aging temperatures of 40 °C, strong changes of the negative
electrode also at the higher temperature side of 50 °C were
observed. This seems to be correlated to the increased capacity loss
acceleration in comparison to the in-plane thermal gradient at the
same equivalent aging temperature. Further analyses on the addi-
tional aging mechanisms on electrode level were not in the scope
of this investigation but could be of interest in future research.
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