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Quantification of the Deep Discharge Induced Asymmetric
Copper Deposition in Lithium-Ion Cells by Operando
Synchrotron X-Ray Tomography

Shahabeddin Dayani,* Henning Markötter,* Jonas Krug von Nidda, Anita Schmidt,
and Giovanni Bruno

Lithium-ion cells connected in series are prone to an electrical safety risk
called overdischarge. This paper presents a comprehensive investigation of
the overdischarge phenomenon in lithium-ion cells using operando
nondestructive imaging. The study focuses on understanding the behavior of
copper dissolution and deposition during overdischarge, which can lead to
irreversible capacity loss and internal short-circuits. By utilizing synchrotron
X-ray computed tomography (SXCT), the concentration of dissolved and
deposited copper per surface area is quantified as a function of depth of
discharge, confirming previous findings. The results also highlight for the first
time a nonuniform distribution pattern for copper deposition on the cathode.
This research provides insights for safer battery cell design.

1. Introduction

Lithium-ion batteries are one of the most popular energy storage
solutions for electric vehicles, mainly thanks to their high gravi-
metrical energy density. Battery cells are usually connected in se-
ries and parallel to meet required voltage and current demand of
such vehicles. However, the load profile of an electric vehicle is
very unpredictable, comprehending high current demands dur-
ing charge and discharge caused by acceleration and regenera-
tive braking, respectively.[1] Thus, the ageing of individual cells
is hard to predict and can result in cells with different states of
health within one battery. If connected in series, such cells are
more prone to an electrical abuse, called overdischarge.[2]

Overdischarge occurs when a cell is discharged beyond its pre-
determined lower voltage limit, dictated by the cell chemistry.
Overdischarge has been shown to cause gas formation, mainly
carbon dioxide, carbon monoxide and methane accompanied
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with heat generation in the cell.[3] Many
studies have reported copper dissolution
from the current collector when the cell
is overdischarged.[3–5] This has been re-
ported to be the cause of irreversible ca-
pacity loss and internal short circuits in
cells.[2,4] Recharging the damaged cells
could cause potential thermal runaway
hazards, as a result of short-circuits in-
duced by dissolved copper.[2]

In this paper the terms overdis-
charge and deep discharge are used
to describe different scenarios dur-
ing battery discharge. Overdischarge
is referred to when the discharge
process is halted upon reaching 0 V,

while deep discharge refers to the situation where the discharge
continues after the cell voltage is negative.

Generally, the initial step during an overdischarge involves the
further deintercalation of lithium ions from the anode, and their
intercalation into the cathode. This causes an increase in the an-
odic potential and a decrease in the cathodic potential, thus, lead-
ing to the observed fast drop in cell voltage. However, due to the
typically lost lithium in the first cycle(s) caused by Solid Elec-
trolyte Interphase (SEI) formation, the cathodic potential initially
drops rather slowly whereas the anodic potential rises quickly. If
the anode potential surpasses the oxidation potential of copper,
i.e., E0 (Cu/Cu2+) = 0.34 V versus standard hydrogen electrode
(SHE) and 3.38 V versus Li/Li+, the copper foil can start to ox-
idize. Utilizing this value in a simplified manner for a LIB-cell
and assuming a cathode potential of approximately 3.7 V versus
Li/Li+, copper oxidation could start at a cell voltage of approxi-
mately 0.3 V. If the overdischarge process is stopped at this stage,
recharging the cell causes the majority of the oxidized copper ions
to deposit again as metal on the anode side. However, if overdis-
charge is followed by deep discharge, leading to a negative cell
voltage, the dissolved copper ions within the electrolyte migrate
through the separator and can be reduced into metallic copper
on the cathode.[2]

The mechanism of an overdischarge down to a cell voltage of
0 V has been investigated in several studies. An irreversible ca-
pacity loss was reported for overdischarging LiCoOx / graphite
cells.[4] Moreover, the formation of gases at this stage of discharge
has also been reported. Such gas formation can be correlated
to the decomposition of the solid electrolyte interphase (SEI)
due to excess de-intercalation of lithium ions from the anode
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leading to the aforementioned increase in anodic potential.[3] The
before discussed possibility to oxidize the copper current col-
lector as a result of overdischarge was also shown in multiple
publications[2–4] Using X-ray photoelectron spectroscopy and X-
ray absorption fine structure (XAFS), Cu-dissolution has been
confirmed to be even detectable at a rather high cell voltage of
0.5 V in a cell with lithium nickel cobalt aluminum oxide (NCA)
as cathode active material.[6]

Due to the inability of the typically implemented Battery Man-
agement System (BMS) to monitor individual cell voltages in a
large battery pack, lithium-ion cells connected in series could un-
dergo voltages beyond 0 V while the battery pack is being dis-
charged. Therefore, it is of importance to study the overdischarge
mechanism also below 0 V. If overdischarge is not stopped, the
anode potential keeps raising and cathode’s potential keeps de-
creasing. As mentioned, if the anode potential reaches the copper
oxidation potential, Cu is oxidized to Cu2+ ions. Consequently, ox-
idized Cu2+ ions can migrate through the anode matrix and po-
tentially traverse the separator, ultimately reaching the cathode. If
the deep discharge condition persists, these ions can be reduced
and deposited as metallic copper onto the cathode surface.[7] Guo
et al. found that after breakdown of the SEI at 110% depth of
discharge (DoD), oxidation of Cu started at around 112% DoD.
Several studies have reported that if the cell is discharged be-
tween 110–120% DoD, its recharge is not possible due to severity
of the internal short circuits (ISC).[2,8,9] EDX observations con-
firmed that the Cu concentration on the cathode is several times
higher than on the anode if deep discharge continues beyond
150% DoD.[7,10]

In,[3] it was found that in a lithium cobalt oxide/graphite cell
the oxidation of elemental copper to copper ions takes place
when the potential of the anode rises to 3.4 V versus Li/Li+.
which corresponds to a cell voltage of 0.2 V. Li et al. have pre-
vented an anode potential increase by adding 20 weight percent
of Li(NiCoMn)Ox to Lithium Cobalt Oxide. This addition resulted
in much less dissolved copper in comparison to the original an-
ode chemical composition. To increase the resilience of lithium-
ion cells against overdischarge, lithium titanium oxide has been
reported to be a candidate for anode material. Using this an-
ode material, deep discharged cells (up to 140% DoD) could be
recharged.[8]

To better understand the overdischarge and deep discharge
mechanisms, in situ and ex situ imaging techniques have been
used. In a study by Harding et al., cross section SEM imaging
of the aged cells was employed to show that while using NCA
as cathode active material, a lithium titanate oxide (LTO) an-
ode is more resistant to overdischarge than graphite. SEM/EDX
showed that copper is dissolved and dispersed in the graphite
anode matrix whereas a cell with LTO anode shows nearly no dis-
solution of the aluminum anode current collector. Cu deposition
on the NCA cathode was also not observed in the graphite based
cells.[11]

Due to its nondestructive nature, X-ray computed tomography
(XCT) is a powerful tool to study mechanisms of ovrdischarge
and deep discharge. Bond et al. have studied a lithium cobalt ox-
ide / graphite cell under deep discharge down to −0.5 V using
synchrotron-based XCT (SXCT) and could confirm swelling of
the cell due to gas formations.[12] The effect of deep discharge on
a 18 650 type cell with NCM cathode material was studied using

lab based XCT by T. Ma et al.[13] The cell was discharged using a
1C current up to 150% DoD; however, no visible Cu dissolution
was observed using XCT images whereas SEM images of the dis-
assembled cell could image Cu deposition on both cathode and
anode. In another study, Cu pits on the anode current collector
was observed by ex-situ XCT of an electrode piece of a 18 650 cell
with LiFePo4 cathode, which was suffered overdischarge during
a high cycle operation.[5]

Generally, the literature results confirm the mentioned mech-
anism during a deep discharge as well as overdischarge of a LIB-
cell. However, the results also show nicely, that the exact onset
of Cu-oxidation as well as amount and place of Cu-plating highly
depends on, e.g., the anode/cathode material used, the capacity
balancing of the two electrodes and the electrochemical proce-
dure applied.

In the present study, we employ SXCT as a nondestructive
method to quantify deep discharge phenomenon on a commer-
cial lithium-ion cell. The mechanism of this electrical abuse
is identified. We also quantify the mass of copper per surface
area dissolved from the current collector and deposited onto the
cathodes as a function of depth of discharge (DoD). This al-
lows a comprehensive understanding of the discharge process,
thus, enabling tailor-made designs to prevent such an electric
abuse.

2. Experimental

2.1. Sample Information

A 7×7×4 mm3 commercial pouch cell with LiCoO2 (LCO) as cath-
ode active material with a nominal capacity of 30 mAh was used
for deep discharge experiments. The size of this pouch cell is op-
timal for electrode level SXCT investigations.[14]

2.2. Electrochemical Tests

Battery cycling experiments were conducted using a Gamry 1010
potentiostat. The pouch cell was fully charged using constant-
current (CC) charging rate of 1C, current was set to 1 times the
battery’s nominal capacity, to 4.2 V and was kept at that voltage
(CV) until the current rate fell below 0.1C. The cell was then
discharged at constant-current (CC) rate of C/3 until it reached
a cut-off voltage of 1 V. After a short open circuit voltage step,
discharge with the same current continued without any cut-off
voltage limit.

2.3. Synchrotron X-ray Computed Tomography

SXCT experiments were done at the imaging station
BAMline,[14,15] which is located in the BESSY II synchrotron
facility operated by the Helmholtz–Zentrum Berlin (HZB).
Projections were acquired using a parallel monochromatic
X-ray beam with an energy of 48 keV at an effective pixel
size of 0.72 μm. The rotating table at the BAMline imag-
ing set up is equipped with a slip ring, which eases the
connection of the cell with the potentiostat during SXCT
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Figure 1. Deep discharge voltage profile versus depth of discharge. Col-
ored boxes indicate duration of each SXCT measured at that depth of
charge.

measurements. Each SXCT measurement consists of 3000
projections over a total 180-degree rotation and takes 25 minutes
to complete. The battery was being operated during imaging
experiments.

Reconstructions were performed using a home-made software
based on the Tomopy package[16] optimized for batch reconstruc-
tion of SXCT images- 4D reconstruction. Image analysis was
performed using self-written python scripts using common data
analysis libraries. The 3D rendered images were generated by the
software Dragonfly.[17]

3. Results and Discussion

Figure 1 shows the voltage versus depth of discharge curve dur-
ing two constant current discharge steps interrupted by a short
open circuit voltage step. The depth of discharge is defined as per-
centage of discharged capacity per maximum available capacity of
the cell. The discharge curve resembles a deep discharge behavior
reported by multiple references.[2,9] After the lithium deintercala-
tion phase, there is a rapid decrease in cell voltage at around 114%
DoD reaching a local minimum at −0.7 V followed by another
dip to −0.9 V at 150% DoD. The voltage curve reaches a plateau
at 200% DoD. Such a plateau is believed to correlate with contin-
uous copper dissolution on the anode and Cu0-deposition on the
cathode, as known from typical electrochemical stripping/plating
experiments of metals.[7]

The duration of each SXCT experiment is visualized on the
voltage graph. Due to blur caused by movements within the bat-
tery’s jelly roll during the measurement, the second and fifth
SXCT scans were not suitable for further analysis. Colored num-
bers on top of Figure 1 represent the number of consecutive
SXCT scans measured during the deep discharge experiment.
All SXCT volumes (volume 3 to 15) were registered to the first
volume (volume 1).

In Figure 2a complete overview of a cross section of the cell is
shown. Three subsets (labelled 1–3) are enlarged to show details.
For quantitative analysis, several sub volumes were cropped from

region 4. These sub volumes are shown in Figure S1 (Supporting
Information).

The degree of copper oxidation varies across different regions
within the jelly roll, indicating that the severity of copper disso-
lution is not uniform throughout the cell. In the middle of the
cell, the copper current collector exhibits nearly complete disso-
lution, while it is less dissolved in the edge areas. This might be
due to the nonuniform heat generation in the middle of the jelly
roll during the deep discharge experiment, making the center
of the cell a more active region compared to other parts of the
cell.[18]

The aluminum current collector is coated on both sides with
lithium cobalt oxide cathode material, to distinguish between the
inner and outer sides, they are shaded in blue and red colors, re-
spectively. The higher X-ray attenuation of copper compared to
the cathode allows visually tracking its presence on the cathode
material (the brighter spots on the cathode marked by yellow ar-
rows on enlarged regions in Figure 2). There are some regions
where copper is deposited on both sides of the cathode, mostly in
the middle of the cell, such as in the magnified region number 3
(Figure 2) however it seems the deposition of copper is predom-
inantly occurring on the outer side cathode, highlighted in red.
In most regions, the copper deposition appears to have a mossy-
like structure. This could be due to the relatively low discharge
current chosen for the experiment. However, there are instances,
such as in region 3, where a dendritic-like deposition of copper
can also be observed, suggesting localized conditions contribut-
ing to its formation.

Figure 3 illustrates the progression of the deep discharge ex-
periment by horizontally arranging stripes of a selected volume
from region B at several stages of the discharge (Figure S1, Sup-
porting Information). This visualization provides an insight into
the Cu deposition as the depth of discharge increases. In Figure 3,
the colors and numbers associated with each stripe correspond to
those in Figure 1. The horizontal bright layer located in the mid-
dle of the montaged stripes, represents the copper current collec-
tor that is covered on both sides by the graphite anode and sepa-
rated from cathodes on either side by a thin separator. In region
B, the upper visible cathode, ≈ 210 to 280 μm on the y axis, corre-
sponds to the inner cathode (highlighted in blue), while the lower
cathode, approximately 0 to 55 μm on the y axis, corresponds to
the outer cathode (highlighted in red). No visible copper disso-
lution is observed until reaching approximately 81% depth-of-
discharge, corresponding to SXCT number 4. Copper dissolution
becomes noticeable after reaching a depth-of-discharge (DoD) of
146%, accordingly, in the 6th SXCT. However, the deposition is
not yet clearly visible at this stage. Subsequently, the dissolution
of copper and its deposition on the outer cathode continues from
the 7th SXCT till the end of the experiment.

The line profile of attenuation coefficient is shown for all se-
lected volumes during the deep discharge experiment in Figure 3.
Cathodes and copper current collector regions are marked on the
graph. As the depth-of-discharge (DoD) increases, the attenua-
tion of the copper current collector, which corresponds to the av-
erage density of copper within the current collector, decreases.
While DoD increases, a peak form at approximately 50–70 μm
on the y-axis. This peak indicates accumulation of copper on the
surface of the cathode material. This can lead to closure of ion
transportation pathways and, therefore, to permanent damage in
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Figure 2. Synchrotron X-ray Computed Tomography (SXCT) of the deep discharged cell at the final stage. Top, overview of jelly roll and copper current
collector. Bottom, magnified view of regions 1–3 marked in top figure. Orange arrows point to the copper current collector and yellow arrows show the
deposition of copper on the cathode. Inner and outer cathode sides are highlighted with blue and red colors, respectively. Region of interest tomography
(ROI) was continuesly performed on the region 4 marked with circle. (for colors, please refer to the electronic version).

these regions. The copper deposition exhibits an asymmetric be-
havior, favoring the outer cathode.

The same quantities plotted in Figure 3 are plotted in Figure
S2 (Supporting Information) for regions A, C and D. The
copper deposition in regions A and D shows similar behav-
ior to region B, where the outer cathode is favored for cop-
per deposition. Only in region C, the inner cathode is fa-
vored for copper deposition, primarily due to the inaccessi-

bility of the outer cathode for the innermost copper current
collector.

The initial (Vi) and final (Vf) states of the deep discharge ex-
periment in region B are depicted in Figure 4. Mathematical sub-
traction of Vi from Vf results into the right-hand side map in
Figure 4. Copper removed from and deposited onto the current
collector are shown in red and blue, respectively. Asymmetrical
deposition of the copper is clearly visualized in this image. This

Figure 3. Left, time arrangement of SXCTs from region B from the Figure S2 (Supporting Information) during the deep discharge experiment. Right,
plotted attenuation coefficient profile of x-z planes against y position of region B during the deep discharge experiment. (for colors, please refer to the
electronic version).
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Figure 4. SXCT slice of region B. left, Vi is the initial state of the selected volume, middle, Vf is the final state, right, Vf-Vi is the difference of the final
and initial state. (for colors, please refer to the electronic version).

Figure 5. 3D volume rendering for region B in the final stage of the deep
discharge experiment. Removed Cu (in control volume 2) is marked in red
and deposited Cu on either cathode side is marked in blue. This cubic
volume is 2883

μm3. (for colors, please refer to the electronic version).

representation is used also in Figure S1 (Supporting Informa-
tion) to visualize asymmetrical deposition of the copper in vari-
ous spots of the cell.

3.1. Quantitative Analysis

Due to the high contrast of copper compared to the anode mate-
rial, segmentation of the current collector (region 2 in Figure 5)
was performed using thresholding segmentation for all 13 DoD
states. The mass of copper mCu in the current collector was cal-
culated via the number of segmented Cu voxels (nVoxels) using the
following equation:

mCu = nVoxels × Vvoxel × 𝜌Cu (1)

where 𝜌Cu is the density of copper and Vvoxel is the volume of one
voxel. The first selected state is referred to as the reference state;
with no copper dissolution and no deposition. The amount of
copper removed from the current collector is calculated based
on the difference between the mass of copper present in each
state and the reference state at the selected DoD. To quantify the
amount of deposited copper on cathode electrodes of each side
(regions 1 and 3 in Figure 5), we employed a different approach.
First, the difference of attenuation for each volume was calcu-
lated with subtracting that volume from the reference volume. It
was assumed that the most significant measured differences ob-
served could be attributed to the deposition of copper, as visu-
alized in Figure 4. A control volume was selected as shown in
Figure 5 for each cathode region (regions 1 and 3). The attenua-
tion coefficients of all DoD states were subtracted from the refer-

ence state, thereby yielding the attenuation coefficient of the de-
posited copper on each cathode side, highlighted with blue color
in Figure 5. The average of the difference in attenuation is then
calculated along y direction for each x-z plane. Integrating this
average function along the y axis equals to the change in atten-
uation in the control volume. Therefore, the deposited mass of
copper per cathode surface area (averaged within the control vol-
ume) could be calculated as:

mCu∕A =
𝜌Cu

𝜇Cu at 48keV
× ∫ 𝜇 (y) dy (2)

where 𝜖Cu at 48keV is 26/cm and A is the cathode’s geometric sur-
face area.

The described calculations for both deposited and removed
copper during the deep discharge experiment was performed on
regions A to D (in Figure S1, Supporting Information). To ac-
count for statistical deviations, each region was divided into 10
equal sub-regions in the z direction.

Results of the calculations for region B are shown in Figure
6. Copper dissolution (oxidation) and deposition (reduction) re-
actions start above 150% depth-of-discharge and continue with
a high and constant reaction rate to about 200% DoD. The reac-
tion rate decreases in the final stage of the experiment. Beyond
350% DoD, it is observed that the copper area density increases
to a smaller degree. Even though the total deposited copper and

Figure 6. Removed and deposited copper mass per cathode area for re-
gion B during the deep discharge experiment plotted against the depth of
discharge. (for colors, please refer to the electronic version).
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Figure 7. First derivative of amount of removed copper per unit area in
respect to time for regions A to D.

the total removed copper from the current collector are calculated
using two different methods, their values are within the statisti-
cal deviation of each other, except at DoD of 150%. The origin of
this discrepancy is a slight motion blur in 6th SXCT. This artifact
made it impossible to match it to the reference volume (see Figure
S3, Supporting Information).

Calculations for other regions shown in Figure S3 (Support-
ing Information), confirm the similarity of the observed behav-
ior across all quantified regions. Notably, Langner et al. have re-
ported a similar curve for the concentration of copper within
the electrolyte of an NMC 622 / graphite cell during a deep dis-
charge experiment, measured using a high-resolution contin-
uum source atomic absorption spectrometer.[19] Despite the dif-
ference in measurement methods, the results align consistently
with our findings, further validating the reliability and coherence
of the observed behavior.

The theoretical average copper oxidation reaction rate is 2.5 ×
10−7g s−1 cm−2 This value is calculated for a total oxidation of Cu
to Cu2 + based on the following equation:

r = I × M
A × F × n

(3)

Where, I is the total cell current (10 mA), M is the molar mass
of copper (63.5 gr mol−1), F is the Faraday constant (96.485 ×
10+3 s.A / mole), A is the total geometrical active electrode sur-
face (13 cm2) and n is number of electrons transferred per oxida-
tion reaction (2). It is assumed that after 100% DoD total current
drawn from the cell is consumed for the striping/plating reac-
tion. The calculated theoretical reaction rate provides a rough es-
timation based on the calculated active cathode area of the entire
cell. However, when comparing this estimation with the quanti-
fied reaction rates obtained through image analysis, as depicted
in Figure 7, it becomes evident that the theoretical estimation is
remarkably close.

The reaction rate curve reaches its maximum around 200%
DoD for all regions and subsequently begins to decline towards
zero as the DoD approaches 400%. Regions A, B, and D exhibit
similar reaction rates throughout the deep discharge process.
However, in region C, the reaction rate deviates from the other

regions after 150% DoD. Between 150% and 280% DoD, the re-
action rate in region C is lower compared to regions A and B.
Interestingly, in contrast to the other regions, the reaction rate in
region C decreases slower, ranging from 4 to 3 × 10−7 g s−1 cm−2,
between 300% and 375% DoD.

As discussed, the quantification of the stripped and plated cop-
per during deep discharge reveals a clear trend in the oxidation
rate of copper during the discharge process. Initially, during the
early stages of deep discharge, the rate of copper oxidation is
notably high. However, as the process progresses, the oxidation
rate begins to decline. This decrease is attributed to ion trans-
port limitations caused by the voids on cupper current collector.
Eventually, as these limitations become more prominent, the cop-
per oxidation rate approaches zero in quantified regions. It must
be noted that the regions used for the calculations (A-D) repre-
sent only a small fragment of the volume mostly in the center
of the cell. Since the overall potential of the cell is constant af-
ter 200% DoD, the oxidation and reduction reaction are still oc-
curring however not in the field of view of our analysis. Other
regions are expected to show a similar behavior. At present, it is
not possible to observe the whole cell volume with the desired
tomographic resolution to conduct a precise comparison.

4. Summary and Conclusion

The over discharge phenomenon in a commercial cobalt oxide /
graphite lithium-ion cell was quantified using operando nonde-
structive synchrotron X-Ray imaging. This approach allowed us
to noninvasively observe the behavior of a cell under such abu-
sive conditions during operation. The results of this study vali-
date and align with previous findings regarding the dissolution
of copper and its subsequent migration through the separator, as
well as the deposition of copper on the cathode surface when the
discharge voltage is allowed to drop beyond the safety limits. The
main findings of this study could be summarized as below:

• The degree of copper oxidation varies across different regions
within the jelly roll, indicating that the severity of copper dis-
solution is not uniform throughout the cell. Oxidation of the
copper current collector is more severe in the middle of the
cell suggesting nonuniform overpotential across the cell which
might be due to a nonuniform heat generation in the center of
the cell.

• Our observations reveal an unsymmetrical nature of copper
deposition during deep discharge. We observe a strong pref-
erence for copper deposition on the outer cathode in most re-
gions, although there are specific cases, where the inner cath-
ode is favored due to limited accessibility of the outer cathode.

• The copper oxidation mass per unit area for several regions is
calculated and the trend is found to be generally similar across
all calculated regions. Some minor differences in the reaction
rate and the amount of copper mass oxidized is observed, how-
ever the overall trend remains consistent.

• The copper oxidation mass per unit area plotted against DoD
exhibits a similar trend to that observed by T. Langner et al.
for copper concentration in electrolyte during deep discharge
which was measured by a different methodology. This find-
ing provides strong evidence for the validation of our approach
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against conventional methods and underlines the advantage of
the nondestructive 3D imaging technique.

• Interestingly, the calculated theoretical reaction rate closely re-
sembles the quantified average reaction rate obtained from our
analysis.

Using the presented method, further studies can deepen our
comprehension of the overdischarge phenomenon to understand
the effect of various cathode active materials, discharge current
densities and cell designs on the degree and rate of the cell dam-
age. The results of such studies could lead to optimization of the
battery design or implementation of protective measures to pre-
vent or mitigate the effects associated with copper deposition,
such as capacity loss, increased resistance.
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