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Non-Destructive Detection of Local Aging in Lithium-Ion Pouch
Cells by Multi-Directional Laser Scanning
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Technical University of Munich, Institute for Electrical Energy Storage Technology, Munich, Germany

Understanding the mechanical activity of lithium-ion cells during cycling and its connection with aging phenomena is essential
to improve cell design and operation strategies. Previous studies of lithium-ion pouch cells [B. Rieger et al., Journal of Energy
Storage, 8, 1 (2016)] have shown non-uniform swelling with local displacement overshoots during charging. In this experimental
work, a novel three-dimensional laser scanning method is used to investigate local reversible and irreversible thickness changes of
six commercial LiCoO2/graphite cells during a cyclic aging experiment. Three cycle scenarios were included and two cells each
were exposed to a specific temperature and charging rate. The cells showing local displacement overshoots also exhibit non-uniform
distributions of irreversible thickness change. Post-mortem analysis showed largely inhomogenously degraded surfaces of the single
anode layers. It is shown that the cells’ irreversible thickness change correlates with capacity fade and internal resistance increase
monitored via electrochemical impedance spectroscopy.
© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
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Lithium-ion batteries have become the most promising energy stor-
age technology for small electronic devices such as smartphones or
laptops as well as for battery packs in electric vehicles. Although their
relatively high density in power and energy make Li-ion batteries the
technology of choice for many applications, its aging and degradation
behavior likewise limits their use in applications that require extreme
safety standards and cycle life.2 In order to quantify the decay of
batteries, the state of health (SOH)3 is used which refers to the ca-
pacity fade by relating the current capacity of the cell to its initial
capacity. This relation can be seen as an overall concept introducing a
measurable quantity of aging effects occurring during battery lifetime.

Detecting the cell’s SOH by measuring external stress and strain
on the surface of the cell’s housing2,4 is a recent method based on the
mechanical behavior of Li-ion batteries in form of volume change ef-
fects during charge and discharge processes. These are largely caused
by electrode swelling,5–8 polymer deformation5,9 and film growth.10,11

Estimating the cell’s SOH by a single point measurement implies
a homogeneous stress and strain distribution over the housing of the
cell. Hence, the utilization of the cell would need to be homogeneous.
Local variations in current density and electrode potential occurring
during cell operation along the current collector foils12–15 object this
assumption. Considering an inhomogeneous utilization of the elec-
trodes described by local variations in state of charge (SOC),15 an
overall estimation of SOH seems inappropriate to gain a deeper un-
derstanding of aging mechanisms occurring in commercial Li-ion
cells. Consequently, there is a need for local detection of aging mech-
anisms to account for design specific inhomogeneous load across the
cell.

As already presented in previous work,1 extending the measure-
ment of strain or stress to a local resolution allows for local analysis
of lithium-ion cell aging. This information may provide a more pro-
found data basis for explaining displacement overshoots near the end
of the charging process under constant current which were described
in detail in several previous works1,7,16 and were ascribed to failure
mechanisms.

Continuous analysis of cell aging during cycling requires an ap-
propriate method which is able to monitor the local state of the cell
without damaging it. For analyzing local aging effects, post-mortem
analysis such as disassembling methods enable to investigate local
degradation phenomena but are cost and time consuming.17–19

Beside non-destructive methods such as electrochemical
impedance spectroscopy (EIS),20 differential voltage analysis (DVA)21

or neutron diffraction (ND),22–25 measuring the cell’s thickness proved
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to be a reliable method for determining intercalation stages in the
electrodes7,26,27 and the corresponding electrode specific SOC, to mon-
itor irreversible swelling effects during aging4 and to detect lithium
plating.16,28 ND22–25 is not readily available as the experimental setup
is highly complex and expensive which makes it inappropriate in
our case. Even though EIS and DVA are frequently used to describe
overall cell aging,29–31 these characterization methods do not provide
information about local cell aging.

Placing tactile high precision fiber optic sensors on the cell’s
surface is challenging due to space restrictions, only a few
positions6–8,32,33 can be measured simultaneously. In another work16 a
single tactile dial-indicator was placed on the surface of a lithium-ion
cell in order to investigate the formation of lithium plating. However,
the measurements only considered a single measurement point as-
suming a homogeneous distribution of the formed deposit layer. The
work of Birkenmaier et al.28 dealt with the detection of the spatial
distribution of lithium plating by point-laser sensor measurements.
Measurements are gathered from one side of the cell requiring an ini-
tial data set in order to correct the recorded thicknesses at each point.
Hence process time increase and displacement results are always de-
pendent on the initial state.

The multidirectional laser scanning technique described in our
previous work1 combines several advantages compared to the mea-
surement methods mentioned above. This method provides an in-
operando, non-destructive measurement and the variable number of
measurement points ensures an adequate covering of the entire cell-
stack related surface area of the cell. Owing to the application of linear
laser sensors placed on both sides of the cell, no correction referring to
the initial state of the recorded thicknesses has to be performed which
reduces the effort in post-processing and ensures robustness toward
spatial displacements of the whole cell within the measurement area.

Experimental

Experimental setup.—Six 2.28 Ah Enertech SPB655060 pouch
cells with a LiCoO2/graphite cell chemistry were used for the cyclic
aging experiments. In Table I, the basic parameters of the studied cell
are outlined. More detailed electrode and cell data are provided in our
previous work.26

In a previous study of the same cell,1 an overshoot in the thickness
change near the tabs was observed at a 1 C charging rate and 25◦C
chamber temperature, which was not observed anymore when the
temperature was increased to 40◦C. To investigate the impact of this
phenomenon on reversible and irreversible thickness change as well
as capacity fade and impedance response, three cycling scenarios
were chosen for the experiments. Six cells were considered, two cells
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Table I. Enertech SPB655060 pouch cell specifications.26

Name Value

Capacity 2.28 Ah
Maximum charging rate 1 C
Maximum discharging rate 2 C
Cell length 60 mm
Cell width 50 mm
Cell height 6.4 mm
Anode electrode length 52 mm
Cathode electrode length 51 mm
Anode electrode width 46.4 mm
Cathode electrode width 45.4 mm
Anode coating thickness 77 ± 0.5 μm
Cathode coating thickness 68 ± 0.5 μm
Double-coated anode layers 17
Double-coated cathode layers 16
Single-coated cathode layers 2

Table II. Cycling conditions for the studied cells.

Cell Charging rate Temperature Displ. overshoot

#80 0.5 C 25◦C no
#82 0.5 C 25◦C no
#83 1 C 25◦C yes
#84 1 C 25◦C yes
#85 1 C 40◦C no
#86 1 C 40◦C no

each were exposed to a specific combination of charging rate and cell
temperature. The cycling conditions for each pair of cells are shown
in Table II. The scenarios with 0.5 C charging rate at 25◦C and 1 C
charging rate at 40◦C are denoted as homogeneous charging scenarios,
as the displacement during charging was uniform across the cell and
no local overshoot was observed.1 The scenario with 1 C charging
rate at 25◦C is denoted as inhomogeneous charging, as a displacement
overshoot was observed near the tabs.1

The same discharge rate was used for all cells to assure that the ob-
served effects are caused by either charging rate or temperature. The
detailed experimental procedure for cycling and check-up are given in
Table III. Cycling was conducted inside a temperature chamber. Every
100 cycles, the cell was charged to 100% SOC and left for relaxation
for at least 20 h to assure reliable impedance measurements.34 The
impedance was measured at 25◦C using a VMP3 potentiostat (Bio-

Table III. Procedure for cycling and check-up.

Parameter Value

Cycling
Charging rate see Table II
Temperature see Table II
Charge CC to 4.2 V - CV until I<0.1 C
Pause 30 min
Discharge 1 C CC to 3.0 V
Pause 30 min
Check-up
Charge 0.5 C CC to 4.2 V - CV until I<0.05 C
Pause 20 h
Location Temperature chamber at 25◦C
EIS 100 kHz to 45 mHz
Location Laser test bench at 25◦C
Discharge 0.5 C CC to 3.0 V - CV until I<0.05 C
Pause 30 min
Charge 0.1 C CC to 4.2 V - CV until I<0.05 C
Pause 30 min
Discharge 0.1 C CC to 3.0 V - CV until I<0.05 C

Figure 1. Experimental structure of the laser test bench.

Logic SAS, France). Next, a laser check-up to detect the local re-
versible and irreversible thickness changes of the cell was conducted.
In Fig. 1 the structure of the laser test bench is shown. The procedure
in the laser test bench was repeated up to five times depending on the
capacity fade of the respective cell. The scanning process caused no
heat generation on the cell itself and the cell behavior was therefore not
influenced by the measurement equipement. For the check-up inside
the laser test bench, which was also kept at 25◦C, the local thickness
of the cell at 99 positions was recorded every 60 s during the full
cycle at 0.1 C charging and discharging rate. This cycle at low cur-
rent also serves for the capacity measurement and differential voltage
analysis.

The reversible thickness change was measured between the fully
charged and fully discharged state. At the end of this phase the irre-
versible thickness change of the cell was detected. A calibration of
the laser test bench was conducted before every check-up by using a
calibration bar, and preliminary experiments showed that the resulting
uncertainty at a given position is no more than ±5 μm for a single
measuring process, which is much smaller than displacement effects
during cycling. For further information about the two test environ-
ments and the post processing procedure, the reader is referred to our
previous work.1

Mechanical activity of lithium-ion cells.—There are several
works dealing with the absolute thickness change of cells during
charging and discharging based on temperature effects, intercalation
stages within the electrodes as well as mechanical inhomogeneities in
cells.22,35,36

The effect of thermal expansion is negligible in the present study,
as the thickness measurement is conducted at a low current rate of 0.1
C, leading to a thermal expansion which is below the laser scanner
resolution.1

The intercalation induced volume expansion within the graphite
electrode was estimated to more than 10%,67 referring to the fully
deintercalated state. However, the deintercalation induced volume ex-
pansion of LiCO2 electrodes was determined to be around 2.3%67,
referring to the fully intercalated state. More information about the
intercalation induced volume expansion is given in previous work67.
The intercalation induced thickness change of lithium-ion cells is
strongly related to intercalation stages of lithium in graphite.6,26,27 As
the lithiation degree of graphite changes with aging,22,23 a variation of
the reversible thickness change is expected. The reversible thickness
change �trev induced by intercalation and deintercalation26 can be
defined as follows:

�trev = tcell,SOC=1,k − tcell,SOC=0,k [1]

For a check-up after cycle quantity k, the reversible thickness change is
derived from the local thickness values between fully charged (SOC =
1) and completely discharged (SOC = 0) state of the cell, see Fig. 2.
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Figure 2. Cycling procedure in the aging experiment. After every 100 cycles in the temperature chamber, an EIS and a check-up is performed via laser scanning
to determine the irreversible and reversible thickness change.

The irreversible part of the thickness change can be related to solid
electrolyte interphase (SEI) growth37 in the form of a deposit layer on
the particles of the graphite electrode, new crystal arrangement within
the particles,38 increasing porosity of the electrodes due to continuous
volume change39 as well as particle size increase caused by void
formation.40 The parameter �tirrev is determined by subtracting the
initial thickness (k = 0) from the thickness at the end of check-up
after cycle quantity k. Both thickness values are measured in the fully
discharged state of the cell (SOC = 0).

�tirrev = tcell,SOC=0,k − tcell,SOC=0,k=0 [2]

In addition to the causes mentioned above for reversible and irre-
versible thickness changes, lithium plating at the graphite anode
needs to be considered.16,24 Lithium plating describes the precipi-
tation of metallic lithium on the surface of the solid particles. This
deposit layer causes a higher volume change than intercalation into
the host lattice.41,42 This process is partly reversible as some of the
plated lithium intercalates after the charging process is finished.24 The
lithium remaining on the surface is considered to be irreversibly
deposited.37,43 The irreversibly deposited lithium causes a perma-
nent thickness change.16,28 Experimental measurements in the work
of Agubra et al.37 determined the irreversible thickness change per
electrode layer to be between 21 μm and 53 μm depending on the lo-
cal SOC and the affected area of the anode. These measurements were
gained from an accelerated aging cycle (4 C) involving 600 cycles ap-
plied to a NMC/graphite pouch cell which was analyzed by means of
a destructive post-mortem method. In another work of Agubra et al.,43

the same cell was subjected to 600 cycles at different current rates (2
C, 3 C, 4 C) and the irreversible thickness change was determined to
range from 1 μm to 37 μm for 2 C and from 27 μm to 56 μm for 4
C. This supports the assumption that higher charging rates result in
a stronger formation of deposit layers at the anode.44 Burow et al.45

analyzed the formation of plated lithium for the same cell chemistry in
a prismatic cell format. Using an accelerated aging process via pulse
charging (8 C), the irreversible thickness increment was determined to
range from 11 μm to 31 μm for a single anode sheet after 500 cycles
in a post-mortem analysis.

In the work presented here, the investigation of local reversible
and irreversible thickness changes under the aforementioned homo-
geneous and inhomogeneous charging scenarios is investigated by
using a novel 3D laser scanning characterization method.

Correlation of aging effects.—As introduced in another work,46

EIS can be a helpful tool for characterization of aging effects, such as
SEI. The formation of SEI is caused by irreversible electrochemical
decomposition of the electrolyte at the surface of the active material
particles.10 The growth of SEI implies a certain loss of cycleable
lithium11,30 and the additional layer causes a rising resistance of the
cell.11,47 The increment of internal resistance can be detected by EIS48

in the form of impedance buildup during aging. In this work, EIS data
of the cycled cells at 1 kHz and 45 mHz were analyzed to quantify
the growth of pure ohmic and DC-resistance, respectively.

Recent research deals with the estimation of SOC49 and
SOH/capacity fade4,50 by measuring the pressure evolution in me-

chanically restricted cells. Considering homogeneous aging behav-
ior of the cell, a linear dependency between the measured pressure
and SOH was found, which does not hold for strongly aged cells.9

In continuation of these studies, this work focuses on the correla-
tion of internal resistance, irreversible thickness change and capacity
fade.

Results and Discussion

Firstly, the capacity fade during the cyclic aging tests is discussed.
Further on, the reversible and irreversible thickness changes are an-
alyzed and the correlation between displacement, capacity fade and
internal resistance is investigated. Finally, the observed capacity fade
is correlated to the DVA-results to identify electrode specific degra-
dation.

Capacity fade.—During each check-up phase, the capacity of the
cells was determined according to Table III. In Fig. 3 the capacity
fade is shown as a function of cycle number for all studied cells.
The capacities are normalized to their initial state (fresh cell). The
results indicate a nearly linear decrease of capacity with growing
cycle number for the cells which showed no displacement overshoot
(see Table II). The cells showing a local overshoot in displacement
are characterized by a distinct capacity loss of up to 30% and 40%
at cycle number 230 and 396, respectively. The significant decay of
these cells points at a distinct aging process which will be further
analyzed in the following chapters.

Spatial distribution of reversible and irreversible thickness
changes.—The development of the local reversible thickness change
from the initial state to 500 cycles is shown in Fig. 4 for cell #80. At
the beginning of the cycling experiment, no significant displacement
inhomogeneities were detected across the cell. The average reversible
thickness change between discharged and charged state was about
160 μm. From 100 to 500 cycles, however, a greater reversible thick-
ness change could be found near the edges of the cell. It was shown in
previous works28,36 that lithium plating initiates in areas close to the
edges of the electrodes due to manufacturing tolerances and edge ef-
fects. Furthermore, ND analysis showed an accelerated aging behavior

Figure 3. Capacity fade of the six cells considered in this aging experiment.
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Figure 4. Development of the local reversible thickness change �trev for a cell cycled at a charging rate of 0.5 C at 25◦C (#80). The 99 measurement points of
the laser sensors are denoted by the black dots within each depicted surface plot.

in these regions.22 Bearing in mind these observations and account-
ing for a stronger fixation of the electrode stack near the edges due
to the seam of the pouch-foil, the higher reversible thickness change
seems to be justifiable. The mean value of �trev was estimated to
be 160 μm in our previous work1 which is in good agreement with
the values presented in this work. The irreversible thickness changes
for cell #80 upon cycling are shown in Fig. 5. The thickness of the
cell increased continuously without the occurrence of distinct inho-
mogeneities. Within the first 100 cycles, the irreversible thickness
increase was around 50 μm. The following check-ups showed a lower
increase of approximately 30 μm per 100 cycles with a final displace-

ment of about 140 μm after 500 cycles. The irreversible thickness
increase is expected to be caused by swelling of polymer compo-
nents such as separator and binder in the electrodes51 as well as SEI
growth, and was therefore mainly attributed to the anode in previous
publications.4,52,53 Gas evolution may also be a contributing factor
to the overall thickness change as CO2-gas evolves during cycling.54

However, based on the thickness change during cycling of a punctured
and a gastight pouch cell, Cannarella et al.4 state that the effect of gas
evolution on irreversible thickness change can be neglected. The sec-
ond cell (#81) cycled at a charging rate of 0.5 C at 25◦C showed nearly
the same behavior for reversible and irreversible thickness change.

Figure 5. Development of the local irreversible thickness change �tirrev for a cell cycled at a charging rate of 0.5 C at 25◦C (#80). The check-up results at cycle
0 are not shown here because no significant irreversible thickness changes could be detected.
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Figure 6. Development of the local reversible thickness change �trev for the cell cycled at a charging rate of 1 C at 25◦C with longer cycle life (#83).

The cells cycled at a charging rate of 1 C and 40◦C showed similar
behavior to the cells cycled at a charging rate of 0.5 at 25◦C and are
not discussed in detail here.

At a charging rate of 1 C at 25◦C, not only severe capacity fade
was observed at cycle 230 and 396 (see Fig. 3) but also distinct inho-
mogeneities in reversible and irreversible thickness change appeared
in cells showing a displacement overshoot. In the following, the local
reversible and irreversible thickness changes of cell #83 cycled at a
charging rate of 1 C at 25◦C are presented and discussed. The authors
choosed this cell due to the longer cycle life compared to cell #84
and because both cells showed very similar reversible and irreversible
thickness changes in the cyclic aging experiment.

The local reversible thickness change of cell #83 is presented in
Fig. 6. Initially, the cell showed a rather homogeneous reversible dis-
placement. In contrast to the cells cycled at 40◦C and at a charging
rate of 0.5 C at 25◦C, a lower reversible displacement in the area near
the tabs could be observed after 100 cycles. This phenomenon may
indicate that the electrode’s active material is damaged. With increas-
ing cycle number, the magnitude in reversible displacement remained
nearly constant in this specific area whereas it reached higher values in
the other parts of the cell. These observations led to the conclusion that
the undamaged areas of the cell were more utilized. This non-linear
aging behavior was investigated in more detail between the 362nd and
the 396th cycle. For this purpose, the cycling procedure in the climate
chamber was interrupted in order to perform 34 cycles inside the laser
chamber with simultaneous thickness measurement. Regarding the
difference between the results of the check-ups after the 362nd and
the 396th cycle, the formerly pronounced reversible thickness change
in the area opposite to the tabs decreased while close to the tabs no
significant changes were seen. The decreasing reversible thickness
changes at cycle 396 may also refer to the distinct capacity fade at
cycle 396 (see Fig. 3) which is linked to a certain loss of cycleable
lithium. Consequently the lithiation range of both electrodes during
a full cycle is narrowed and the overall reversible cell displacement,
which is directly related to the lithiation stages of the electrodes, is
reduced in the same amount. Again, the reader is referred to the work
of Rieger et al.67 for more information about the lithiation induced
volume change of the LiCO2/graphite electrodes.

The irreversible thickness changes of cell #83 are shown in Fig. 7.
An increased irreversible thickness change could be observed in the

area close to the tabs after 100 cycles. The mean irreversible thickness
increase of around 300 μm in this region was even higher than the
largest irreversible thickness change after 500 cycles of the cells cy-
cled at 40◦C and at a charging rate of 0.5 C at 25◦C. The remaining cell
area showed an irreversible thickness increase which is comparable
to cells operated at a 0.5 C charging rate at the same temperature (#80
and #82). After 200 cycles, the irreversible thickness change near the
tabs reached values of up to 500 μm whereas the remaining cell area
only showed a moderate increase of around 100 μm. The irreversible
thickness changes for 300 cycles indicated no significant degradation
in the major part of the cell but after 362 cycles an enormous increase
was detected. The damaging effect took place also in the remain-
ing part and after 396 cycles displacements of up to 1500 μm were
seen.

Comparing the local reversible and irreversible thickness changes,
it seems that larger reversible thickness changes in a given area lead
to larger irreversible thickness change in the same area. At first, the
area close to the tabs showed as large reversible thickness changes
as the center part of the cell, probably due to relatively low ohmic
losses and resulting good utilization of the active material.12,15,55 For
all follwing check-ups, however, decreasing local reversible thickness
change resulted in larger irreversible thickness increase in the area
near to the tabs. The lower reversible thickness change indicates a
lower utilization and perhaps that the material is damaged, which is in
agreement with the dramatic increase in irreversible thickness change
shown in Fig. 7. Interestingly, this is followed by an onset of large
reversible thickness changes in the center of the cell at cycle 200 and
300, respectively, which may indicate that these areas compensate for
the damaged material close to the tabs. At cycle 362, in a similar
way to the area close to the tabs, reversible thickness change of the
center area decreased while irreversible thickness change increased
dramatically. This trend culminated at cycle 396, where most of the
cell area showed relatively small reversible thickness changes and the
irreversible thickness change reached values of up to 1500 μm. At
this point, the SOH of the cell was as low as 60%. Considering these
large irreversible thickness increases, lithium plating may play a major
role in this process, which is in line with the severe capacity fade45,47

of these cells, see Fig. 3. This raises the question how utilization
and lithium plating are connected. Generally, a high local utilization
is equivalent to a high current density of lithium ions. This leads to
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Figure 7. Development of local irreversible thickness changes �tirrev for the cell cycled at a charging rate of 1 C at 25◦C with longer cycle life (#83).

high overpotentials in the anode which, during charging, may promote
lithium plating to a certain extent.16,56,57

Cell #84, which showed a steeper capacity decrease in the inhomo-
geneous charging scenario, was opened for measuring the thickness
of the individual electrodes. Each double side coated anode sheet
showed a deposit layer on both sides resulting in a thickness increase
ranging between 15 and 40 μm on each side which was measured by
using a micrometer screw. These values are comparable to findings by
other groups.37,43,45 The sum of the thicknesses of all deposit layers
on the 34 anode sheets agrees with the observed overall thickness in-
crease of the cell. Regarding the irreversible thickness changes from
cycle number 362 to 396, the mean value across the measurement area
was found to be 1.0911 mm which translates into a relative thickness
increase of 17% for the whole cell. The active area of the cell is re-
stricted to the dimensions of the double side coated cathode sheet as
it is the smaller one of the two electrodes (see Table I). Considering
a corresponding active area of 2315.4 mm2, a total volume change
of 2526.33 mm3 was determined. The total loss of capacity between
the 362nd and 396th cycle amounts to 0.5768 Ah. Considering a molar
volume of 13.1 cm3 mol−1 of metallic lithium,58 the volume of the lost
cycleable lithium inventory when in the metallic state is estimated to
be 281.93 mm3. The measured volume change, however, is approxi-
mately 9 times larger. But it is unlikely that the plated lithium forms
a homogeneous layer. The deviation may be explained by mossy and
dendritic deposition of lithium, which takes up more volume than a
film of solid lithium.28,59 In order to validate this assumption, a post-
mortem analysis of cell #83 was conducted to investigate possible
damages on the electrode sheets. As shown in Fig 8, anode sheets
were largely covered with inhomogeneously distributed deposit lay-
ers. It may be assumed that these mossy layers of all anode sheets
combined caused the greater part of the enormous thickness increase.
On the cathode sheets no deposit layer or other damages could be seen
directly. Severe inhomogeneously distributed deposit layers could be
seen on every anode layer and no significant differences were found
between the 17 sheets. In summary, prominent mossy deposit layers
were observed on the anode, however, there is no clear proof that they
correlate with the amount of lost cycleable lithium.

Breaking down the thickness increment per single sided anode
sheet from the full cell measurement, each of the 34 coated layers
would have grown by 32.1 μm within the last 34 cycles. This cor-

Figure 8. Deposit layers on both sides of the graphite anode of cell #83 after
opening in an argon filled glove box. The inhomogeneous structure of the
deposit layers is shown in the magnified area. The tweezers used for clamping
the sheets are visible at the bottom of the picture.

responds to a growth of 41.7% of the coating thickness. The overall
thickness change per layer between the cell’s initial state prior to the
applied cycling procedure and its final state after cycling can be found
to be 47.3 μm which corresponds to a relative thickness increase of
61.4%. In the work of Burow et al.,45 the initial layer thickness of
the graphite coated copper foil was 60 μm and the minimal thick-
ness increase was 51.7% since the thickness of the copper foil is
unknown here. Gallagher et al.60 estimated the increase for 58 μm
and 97 μm initial coating thickness to be 12.1% and 72.2%, respec-
tively. Comparing our results with these works, the relative increase
seems justifiable.

Correlation of capacity fade, thickness increase and impedance
data.—The measurements of capacity fade, irreversible thickness
change and impedance of the studied cells are shown in Fig. 9 for
all check-ups. The depicted values are normalized to the initial state
of the check-up at 0 cycles. The irreversible thickness change is de-
rived as a mean value from the 99 measured points distributed across
the surface area of each cell. At cycle 230 and 396 in Fig. 9b, the ex-
cessive increase of irreversible thickness change up to 20% and 25%
was subjected to the cells cycled at a charging rate of 1 C at 25◦C,
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Figure 9. Comparison of a) normalized capacity fade, b) mean irreversible
cell thickness change and normalized impedance rise at c) 1 kHz and at d)
45 mHz.

respectively. During the whole aging test in this study, a steeper in-
crease and higher values of the irreversible thickness change for these
cells were found compared to the remaining four cells. At a charging
rate of 1 C at 40◦C both cells showed irreversible thickness changes
from 3% up to 5% after 400 cycles. The measurements of the cells
at a charging rate of 0.5 C at 25◦C exhibited the lowest irreversible
thickness changes (2%) of all studied cells.

Comparing Fig. 9a to Fig. 9b, a correlation between normalized
capacity loss and irreversible thickness increase may be assumed for
all cells. The higher the capacity fade, the higher the irreversible
thickness change. The rapid increase of capacity fade between the last
two check-ups (200th/230th and 362th/396th) of the cells cycled at a
charging rate of 1 C at 25◦C is comparable to the findings of other
researchers for cylindrical cells.29,47 In this context the correlation
has been denoted as non-linear aging effect. The correlated excessive
thickness increase in Fig. 9b confirms the assumed correlation for
these cells. None of the cells cycled at a charging rate of 0.5 C at 25◦C
and 1 C at 40◦C showed such a non-linear behavior in this study. The
difference between these cells exhibited a higher capacity fade and
a greater irreversible thickness increase for the latter ones. This may
reveal a certain charging rate or temperature influence which was not
investigated in further detail here.

The real parts of the measured cell impedances are shown in
Figs. 9c and 9d for a high (1 kHz) and a low (45 mHz) excitation
frequency, respectively. At cycle 100 and 200 in Fig. 9c, the values
for the impedance rise at 1 kHz exhibit no significant differences for
the four cells cycled at 25◦C and were estimated to be around 10%.
At this point, both cells cycled at 40◦C already showed an increase of
up to 30%. At cycle 230, the last check-up of one cell (#84) cycled
at a charging rate of 1 C at 25◦C revealed an excessive impedance
increase up to 150%. The second cell (#83) of this charging scenario,
showed a steeper impedance rise after cycle 300 and 362 compared to
the two cells cycled at a charging rate of 0.5 C at 25◦C. Again at cycle
396, this cell (#83) revealed an excessive impedance rise of 500% at 1
kHz. The impedance of the cells cycled at 0.5 C at 25◦C was steadily
increasing by up to 45% at cycle 500 without an excessive increase

during the whole aging test. The final impedance rises for the cells
cycled at a charging rate of 1 C at 40◦C were estimated to be 125%
and 150% at cycle 400 and 500, respectively.

All studied cells show a distinct increase of the measured
impedance for increasing cycle number which can be related to the
formation of a SEI-layer.10 Steeper impedance rise of the cells cy-
cled at 40◦C compared to the cells cycled at 25◦C may be related to
an accelerated SEI growth at higher temperatures for both excitation
frequencies.61 The cells cycled at a charging rate of 1 C at 25◦C show
excessive impedance rise at the final check-ups which probably may
not be justified by SEI-growth alone. The authors conclude, that the
greater part is caused by the progressive loss of lithium due to the
formation of deposit layers which correlates with the increasing mean
irreversible thickness change of the cell at the same time (see Fig. 9b).

As seen in Fig. 9c until cycle 200, the four cells cycled at 25◦C
showed almost identical values for the impedance rise whereas a sig-
nificant capacity fade (see Fig. 9a) has already occurred. As the local
distribution of reversible and irreversible thickness change presented
in Figs. 6 and 7 indicates distinctly localized damaged areas, it is
concluded that EIS at this high frequency is not capable to detect the
observed inhomogeneities in enough detail for the cells studied in this
work. Hence, the penetration depth of the excitation signal seems to be
limited and its significance may assumed to be limited62 for detecting
local aging effects.

In Fig. 9d, the values for the cell impedance measured at 45 mHz
showed a similar characteristic for all studied cells except for the cells
cycled at a charging rate of 1 C at 25◦C. At cycle 200, a significantly
higher impedance was measured for cell #84 than for #83.

Comparing the values of the impedance rise in Fig. 9c and Fig. 9d
of cell #83 and #84 at cycle 200, a significant deviation at 45 mHz
for cell #84 appears which is missing at 1 kHz. At a low excitation
frequency of 45 mHz, this impedance rise seems to be capable for
detecting the already decreased capacity of the cell which is caused
by the local damaged areas. Interestingly, the excitation frequency
may have an influence on the quality of the gained EIS-data of the
cell. Lower excitation frequency may increase the penetration depth
and is therefore more suitable for detecting local damaging effects
within the cell.62

The normalized irreversible thickness change is correlated to the
impedance rise at 45 mHz in Fig. 10 and also to the normalized
capacity fade in Fig. 11.

The irreversible thickness change in Fig. 10a shows an increased
slope for both cells cycled at a charging rate of 1 C at 25◦C compared
to the remaining four which almost show identical characteristics (see
Fig. 10b). At the second check-up after 100 cycles, the impedance
rise for the four cells cycled at 25◦C was determined to be around
5%, while the impedance increases for the cells cycled at 40◦C were
determined to be around 16%.

Comparing the four cells cycled at 25◦C, the cells cycled at a
charging rate of 1 C showed a greater thickness increase for nearly the
same impedance rise compared to the ones cycled at a charging rate of
0.5 C. This coincides with the finding, that a certain capacity fade for
the cells at 1 C occurred and hence the irreversible thickness change
has already increased, which was already discussed in Figs. 9a and 9b.
At 100 cycles, the temperature influence revealed in an higher value of
the impedance for the cells cycled at 40◦C compared to the cells cycled
at 25◦C. This phenomenon may be caused by temperature dependent
aging effects like binder expansion,63,64 enhanced SEI growth10,48 or
possible gas evolution.54

In Fig. 11a, the normalized irreversible thickness change and the
capacity fade of all studied cells are shown. The normalized capacity
fade (1-SOH) for the cells cycled at a charging rate of 1 C at 25◦C
was estimated to be around 30% and 40%, respectively. Regarding
Fig. 11b, the cells at a charging rate of 0.5 C at 25◦C were used
in this aging test until 4.2% and the cells at 40◦C until 6.4% of
normalized capacity fade. Latter cells exhibited a steeper increase
of irreversible thickness change at the same normalized capacity fade
compared to the cells cycled at 25◦C. A linear correlation (see Fig. 11a)
can be approximated between the normalized capacity fade and the
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Figure 10. a) Normalized irreversible thickness increase and normalized
impedance rise at 45 mHz. b) Magnified region marked in a) up to 7% irre-
versible thickness increase and 30% impedance rise. The range of the measured
real parts at 45 mHz is depicted by the arrows referring to the second check-up
after 100 cycles.

thickness increase for the cells cycled at a charging rate of 1 C at
25◦C. This finding is confirmed by other researches which dealed
with the correlation of stress increase during cyclic aging tests.4 This
phenomenon may indicate the continuous consumption of cycleable
lithium due to the formation of deposited lithium on the surface of the
active material. For the remaining cells the measured capacity fade in
this study is too small for assuming a linear correlation.

The temperature influence on the relation between irreversible
thickness change and capacity fade may be indicated by the steeper
slope of the cell cycled at 40◦C (see Fig. 11b). Enhanced SEI formation
does not quite explain the increased slope as this process is regarded
to consume lithium in the same amount and therefore no significant

Figure 11. a) Normalized irreversible thickness increase correlated to normal-
ized capacity fade (1-SOH) including all measurements. b) Magnified region
marked in a) up to 7% normalized thickness increase and 8% capacity fade.

Figure 12. Cell potential V and its derivative dV
d Q for cell #83 at a discharge

rate of 1 C for cycle 0.

deviation for the slopes of all cells should be detectable.11,65 Again,
an explanation for this behavior may be additional gas evolution due
to electrolyte decomposition54 or binder degradation,63,64,66 leading to
a steeper electrode thickness increase and resistance rise at the same
SOH. Since the cycling conditions included also different charging
rates, a clear separation of temperature and charging rate induced
effects cannot be conducted in this work and the authors assume, that
the resulting characteristic is influenced by both effects at the same
time.

Electrode specific capacity fade.—DVA according to the work of
Keil et al.31 was performed during the check-up to analyze the con-
tributions of anode and cathode, respectively, to the overall capacity
fade of the cell.30 The results were compared to the displacement data
in order to further elucidate the degradation mechanisms in this study.
In Fig. 12 the measured cell potential and its derivative dV

d Q related to
the capacity of the cell is shown for cell #83 at cycle 0. Qtot represents
the total capacity of the cell. The part from zero up to Q1a denotes
the first graphite peak in the differential graphite potential at the tran-
sition from a lower Li loading to LiC12. Q1 represents the charge
difference between the fully discharged state of the cell (SOC=0) and
the central peak of the differential graphite potential at the transition
of LiC12 to LiC6. The remaining part Q2 between Q1 and Qtot repre-
sents the distance between the fully charged state (SOC=1) and the
central graphite peak and can be seen as an indicator for shifts in
the electrode balancing which changes the total amount of cycleable
lithium.31

The DVA analysis for all studied cell are shown in Fig. 13. For
cells cycled at a charging rate of 1 C at 25◦C (#83, #84) a significant

Figure 13. Differential voltage analysis (DVA) for all cells at all conducted
check-ups. Cycling of cells #83 and #84 was stopped at cycle number 230 and
396, respectively, due to excessive capacity fade.
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decrease of Q1, while Q2 stayed approximately constant, was derived
from the check-ups at 0, 100 and 200 cycles, which points at a degra-
dation mainly taking place within the anode. The authors assume that
the greater part of the excessive capacity fade of the cell was caused
by the degradation of the anode. This assumption is confirmed by
the post-mortem analysis shown in Fig. 8 where deposit layers were
only seen on the anode layers and no obvious degradation mechanism
could be seen directly on the cathode layers. The DVA-analysis of the
last check-ups at the 230th and 396th cycle, respectively, are missing in
Fig. 13 because the peaks of the differential graphite potential could
not be determined exactly for the highly degraded states of these cells
(#83, #84).

The cells cycled at a charging rate of 0.5 C at 25◦C and 1 C at 40◦C
showed a slightly decreasing capacity fade at higher cycle numbers
which indicates that they were far from reaching their end of life.

Conclusions

Measuring the local thickness of lithium-ion pouch cells via laser-
scanning was used to correlate reversible and irreversible thickness
change to cell degradation during cyclic aging experiment. For cells
showing a non-linear aging behavior, locally distributed damage was
indicated by an initial reversible thickness change increase, followed
by a decrease as soon as the irreversible thickness change increased
dramatically within these cells. These effects were first seen in the
area near the tabs and subsequently in the center of the cells, accom-
panied by excessive capacity fade. Post-mortem analysis and DVA-
analysis revealed that the larger part of the cell degradation can be as-
cribed to the anode. The correlation of irreversible thickness increase,
impedance rise and capacity fade provides helpful insights into the
aging mechanisms of lithium-ion cells. But it also raises the question
which mechanisms contribute to the irreversible thickness increase
and to which extent, e.g. lithium plating, SEI formation, binder degra-
dation or gas evolution. Further work will focus on the combination of
thickness measurements with coulometric measurements and a more
detailed investigation of the thermal influence on the aging behavior
of lithium-ion cells. Overall, the presented method is a viable means
of investigating dynamic thickness changes of lithium-ion cells and
provides an interesting perspective on cell aging.
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