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Abstract
The HIDDEN project aims at (i) preventing dendrite growth in Lithium Metal Batteries (LMB) with
the help of self-healing methods; (ii) proving on-demand repeatable self-healing functionalities, which
are controlled by the BMS and supported by analysis and modelling tools and (iii) creating an industrial
process for the self-healing batteries.
This deliverable D5.1 named “Lithium dendrite detection technique report based on standard LMB
cells testing [CSEM, M18]” finalise results coming from T5.1 (Investigation on cell characterization
techniques), T5.2 (Lithium dendrites detection techniques analysis), and T6.1 (Preliminary tests on
standard LMBs) of the original project proposal. The results presented in this document are the pillars
to develop an algorithm capable of triggering self-healing methods (as foreseen in T5.3) and to verify
it on HIDDEN cells (as foreseen in T5.4).
Specifically, after the first screening of all the possible cell characterization techniques, some have
been selected to perform dendrite growth detection: the Intercalation Capacity (IC), the Differential
Voltage analysis (DV), the Mid-Voltage and Cycle Time, and several EIS-based characteristics (local
minimum and maximum of the spectra and Mid-frequency semiarch width). Ad hoc methodology has
been developed to test and rank the different detection techniques. This methodology includes: (i) the
cycling and diagnosis of standard lithium metal cells via dedicated testing protocol; (ii) analysis of
testing results with special attention on detection parameters trends w.r.t capacity fade; (iii) thresholds
selection for the detection parameters to trigger an action (e.g. self-healing) and (iv) performance
validation of the detection parameters in identifying lithium dendrite growth.
The tested cells have been produced by project partner BFH in three different batches. Different
testing protocols have been applied to the different batches: cycling at different C-rates (1st batch
cells), cycling at different DoD (2nd and 3rd batches cells) and Coulombic Efficiency determination (1st
and 2nd batches cells).
The validation results show that specific parameters allow detecting degradation in the tested
lithium metal cells. The results are influenced by the thresholds chosen as limits for the triggering.
Sensitivity analysis has been performed to define which are the best thresholds for each detection
parameter. On average, the detection techniques are successfully detecting degradation in 60% of the
cases.
However, it is paramount to mention that the tested cells showed a fast and unexpected
degradation, with a cyclability around 20 cycles maximum before the End of Life (EoL). Post-mortem
analysis proved that such a rapid degradation should be attributed to the fast accumulation of dead
lithium rather than dendrite formation.

WP5, D5.1, V:2.0
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1. Introduction
While it is true that peer-reviewed articles analyse extensively the degradation processes of Li-ion cells,
this is not the same for lithium metal cells which got more interest in the last years. Few but relevant
publications are available in the literature that helps to familiarise with this special chemistry. The next
two paragraphs present the morphology of degradation mechanisms inside lithium metal cells and the
two main failure mechanisms.
1.1. Morphology of lithium metal cells degradation
Tracking and analysing the degradation mechanisms of lithium metal means understanding what
happen inside the cell since the very first cycle (i.e., cell formation). As the cell is assembled and
formation starts, the electrolyte reacts with the metallic lithium to form the Solid Electrolyte Interface
(SEI). This layer fully covers the bare Lithium metal surface reducing the interface conductivity and
hence battery capacity. After the first stage, inhomogeneities in the SEI layer lead to high conductive
pathways for charged ions, establishing preferential zones for Li+ transports. The high concentrated
lithium ions in the pathways are reduced reacting with the electrolyte and they cause fractures in the
SEI layer due to volumetric expansion. The fractured SEI exposes fresh lithium metal zones, creating
multiple sites across all the anode’s surfaces that is suitable for simultaneous deposition of lithium.
This lithium deposition represents the first dendrite nucleation directly on the metal bulk,
characterized by a high interface surface and a high conductivity pathway which lead to creating
further growth of the dendrite. On the new accumulation of lithium metal, a new layer of SEI is formed
consuming more electrolytes. The overall process is represented in Figure 1.1 [1]. Switching polarity
for the discharging phase, lithium is stripped from dendrite structures since their surface is a lower
impedance pathway than removing it from the bulk. Stripping lithium from dendrites reduces their
sizes and, in case of large volumetric changes, sections of dendrite could mechanically detach from the
surface resulting in electrically isolated inactive lithium, also called “dead lithium” [2] [3] [4]. The dead
lithium does not take part anymore in the charging and discharging process of the cells and prevents
the passage of Li-ions during cycling. If the dendrites are stripped during the discharge, later lithium
ions are taken directly from the Li metal bulk, creating pits in the anodes which will represent low
impedance pathways for the next charging phase.

a)

b)

c)

Figure 1.1: representation of the formation process of lithium metal cells [1]. a) Formation of inhomogeneous
SEI layer with high conductive pathway; b) fracturing of the SEI layer and accumulation of Lithium; c)
formation of new SEI layer around the new Lithium deposition.

As cycles progress, the formation of dendritic structures is more frequent and presents different
morphologies depending on cell testing conditions [5] [6] [7]. For currents exceeding cell diffusion
limitation, the salt concentration at the electrode surface approaches zero at a characteristic time and
WP5, D5.1, V:2.0

Page 7 of 37

uniform electroplating becomes unstable [8]. This characteristic time is known as “Sand’s time” and it
is reached and the cell voltage manifests a spike during the charging phase [8]. Sand’s time is measured
at different current densities to calculate the diffusion coefficient as represented in Figure 1.3-a, where
regions with different dendrites morphologies are depicted. Several other tests have been conducted
to identify all the possible morphologies, that can be divided into three main groups [6], [7]:
• Whiskers: structures representing the simplest morphology of lithium deposition. As shown in
Figure 1.2-a, they have a long and thin needle-like structure, directly connected with the anode and
fully covered with an SEI layer. Their growing starts in the first formation cycle when a low current
density is applied. The SEI layer can accommodate the increasing deposition of Li without fracturing
because of the limited amount of Li+ crossing the interface.
• Mossy lithium: when the current is higher or at an extended depth of exchanged charge, the SEI
layer cannot follow the fast expansion of Li deposition, resulting in fractures on the surface and
causing mossy lithium deposition to form, as shown in Figure 1.2-b. The morphology is represented
by the accumulation of solid interconnected Li clusters with electrolyte inside filling gaps and pores,
characterized by a large interface area which leads to an increase in the reaction with electrolyte.
Unlike the previous case, the growth starts directly from the roots rather than the tips.
• Fractal dendrites: thin, highly branched structures that grow directly from a mossy lithium layer
when the concentration of Li+ at the anode surface reaches zero, meaning that the Sand’s time limit
has been exceeded [8], [9]. In this situation, the fast expansion of a Li deposition in wide
accumulation is limited by the poor concentration of lithium ions, causing solely the growing of thin
branched structures as shown in Figure 1.2-c. Theoretically, Sand’s limit is purely a function of the
applied current density and the total exchanged capacity. However, the dynamic evolution of anode
and electrolyte, the distance between the electrodes, and the morphology of the compact
interphase can affect the onset of fractal dendrite growth. In general, applying a high current
density for a brief time or low current density for long-time results in a depletion of the Li+ at the
anode and hence in the growth of a fractal dendrite.
The three listed morphologies occur in different testing conditions or after different timing that is
always strictly correlated to the specific components and design of the cell under test. For instance,
liquid polymer-based and solid-based electrolytes show different dendrite response behaviours at the
same current density and exchanged capacity [7].
Finally, dead lithium is usually forming when the above structures detached from the anode surface
(i.e., electrical isolation of part or entire dendrite structures).

Figure 1.2: Schematic representations of the main dendritic structures present within an LMB [7].

WP5, D5.1, V:2.0

Page 8 of 37

1.2. Effects of lithium metal cells degradation
Continuous degradation of lithium metal cells described by the different dendrite morphologies
presented in the previous paragraphs can bring to two main failure mechanisms: short circuit failure
and cycling failure. These processes are described in the following paragraphs.
1.3. Short circuit failure
During cell cycling, the concentration of lithium ions is reduced due to continuous reaction with the
electrolyte in the anode, up to the point where lithium ions concentration reaches a zero value and a
transition between mossy lithium to fractal dendrites occurs [7]. Lithium is not deposited anymore on
the roots of the accumulations but directly on top of the mossy lithium, in a thin needle-like dendrite
shape, causing the rapid formation of a high-thin-branched structure over the previous layer mossy
layer [6]. Fractal dendrites are responsible for penetrating the separator and, if left free to grow, they
can reach the cathode causing an internal short circuit in the cell. The transition limit between mossy
to fractal dendrites is well described by Sand’s principle. The relationship between the applied current
density and the total amount of exchanged capacity is shown in Figure 1.3-b. The lower the applied
current density, the larger the area where the dendrites have a mossy behaviour. Operating in the low
current zone is a way to reduce the likelihood of fractal growth and so increase system safety.

Figure 1.3: a) Experimental results of Sand’s time at different current densities. B) Sand’s capacity values as a
function of current density for experimental data and previous literature. Adapted by [8].

1.4. Cycling failure
As mentioned before, dead lithium is an inevitable by-product created by the stripping of lithium
during the discharge phase, when part or entire dendrite structure detach by the anode surface. The
accumulation of this inactive lithium layer could lead to fast capacity fade and cell failure [2].
Considering a lithium metal cell, the measured voltage during cycling is determined by three main
components:
•

Open-circuit voltage 𝑉𝑜𝑐𝑣 : intrinsic characteristic of the battery cell which is the voltage of the cell
in no-load condition.

•

Ohmic voltage drop 𝑉𝐼𝑅 : referred to the potential loss caused by ohmic resistance when a current
is applied.

WP5, D5.1, V:2.0
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•

Overpotential 𝜂: represents the overpotential of the anode and cathode. This parameter is directly
affected by the thickness of the dead lithium layer for the anode side.

As the dead lithium layer increases its thickness with cycling, the overpotential becomes
increasingly significant in the measured voltage. Given that and considering a defined interval between
a maximum and minimum cut off voltage during cycling, the overpotential term reduces then the
exploitable voltage range. The overall consequence of dead lithium layer thickening is that the voltage
approaches the limits more quickly and with an increasingly arc-shaped profile preventing a complete
lithiation or delithiation of the cathode, and thus reducing the effective capacity of the cell. In turn, the
capacity fade results in cell failure being no more able to perform cycling.
1.5. Deliverable outline
The aim of this document is to describe the activities performed to characterize the degradation of
lithium metal cells with special attention to dendrite growth.
The specific goals of this document are to:
1. present an overview of the available non-invasive sensing techniques to characterize lithium
metal cell degradation.
2. present the developed methodology to detect dendrite formation.
3. present the validation of the developed methodology on standard lithium metal cells.
This document is organised into five main chapters:
•
•
•
•

Chapter 2: a literature review on characterization techniques to detect Li-metal cells
degradation.
Chapter 3: presentation of the developed methodology to detect degradation on lithium metal
cells, with a special focus on dendrite growth.
Chapter 4: presentation of the case study with the different tests performed and the main
results obtained
Chapter 5: validation of the detection variable performances and discussion.

WP5, D5.1, V:2.0
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2. Characterization techniques to detect Li-metal cells degradation
This chapter presents a review of the most exploited non-invasive characterization techniques to
map the degradation of lithium metal cells. All techniques have been selected to be non-invasive and
implementable into a BMS. The final aim will be to track cell degradation and trigger the self-healing
activation via standard battery components. At the end of the chapter, a summary table provides the
relevant characteristics for all the analysed techniques.
2.1. Incremental Capacity and Differential Voltage Analysis
The incremental capacity (IC) analysis is widely used as an effective tool to keep track of the ageing
mechanisms during cycling [10], [11], [12], [13]. The incremental capacity can be computed by the
following derivative:
𝐼𝐶 =

𝑑𝑄
𝑑𝑉

(2.1)

where V is the voltage of the cell and Q is the respective exchanged capacity. Voltage plateaus on
the charging or discharging curve, being electrochemical phase transitions, are transformed into peaks
in the IC profile, as shown in the example of Figure 2.1.

Figure 2.1: IC curve of a G/LFP cell in charge and discharge at C/25 with the respective peaks labelled [11].

Analysing the IC curve, peaks can be distinguished and characterized by their unique features, like
intensity and voltage position. As regards lithium metal cells, dead lithium formation, SEI layer growth
and decomposition reactions cause Loss of Active Material (LAM) and Loss of Lithium Inventory (LLI).
These degradation modes are observable by variations of the IC curve peaks [14]. An in-depth study
on features variation during ageing of the peak can be a useful tool to understand how the degradation
modes are evolving during cycling [15] and thus to track the ageing of a lithium metal cell.
A characterization technique like IC is Differential Voltage (DV) analysis. DV analysis is an advanced
technique for electrical characterization of capacity fade mechanisms in battery cells [16] [17] [18].
From a constant current charging or discharge sequence, the discrete derivative Δ𝑉/Δ𝑄 is computed,
obtaining a curve with peaks at phase transitions. The derivative of voltage concerning capacity is
suited for graphical analysis of battery data since the voltage of a cell can be written as:
𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝑉𝑎𝑛𝑜𝑑𝑒

WP5, D5.1, V:2.0
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And dV/dQ will be:
(

𝑑𝑉
𝑑𝑉
𝑑𝑉
)
=( )
–( )
𝑑𝑄 𝑐𝑒𝑙𝑙
𝑑𝑄 𝑐𝑎𝑡ℎ𝑜𝑑𝑒
𝑑𝑄 𝑎𝑛𝑜𝑑𝑒

(2.3)

As the individual contributions of both electrodes can be identified in the full-cell derivative, peaks
in the dV/dQ curves could be assigned to the positive electrode, to the negative electrode, or their
sum. Singular studies on half cells made of anode or cathode can be done to get their dV/dQ curve.
Combining the spectrum of anodes and cathodes it would be possible to simulate the dV/dQ trend of
the complete cell and obtain the typical curves represented in Figure 2.2 [16].

Figure 2.2: differential voltage curves obtained for a Mn-based cathode and graphite anode cell in new
condition and after 720 cycles at 45°C and C/2 [16].

As Incremental capacity technique, the electrochemical processes occurring in the cell (including
degradation) can be tracked by analysing DV curve peaks and peaks variations. Since the method is
merely the inverse derivative of the incremental capacity, the information contained in the curve are
the same as in the previous method but shown in a different shape. Depending on the application, it
may be convenient to study the DV or IC curve.
Given the insights about LLI and the possibility to quantify the plated and stripped lithium, IC and
DV techniques can be potentially used to detect LMB degradation and dendrites growth. Both
techniques can be also embedded in BMS to trigger self-healing actions (e.g. adapting the charging
protocols).
2.2. Coulombic Efficiency
Coulombic Efficiency (CE) is a widely used technique that can be exploited to monitor the
degradation rate inside a cell [19], [20], [12], [21]. Coulombic efficiency of a cell is defined as the ratio
between the delivered capacity during the discharging and during the charging processes:
𝑡

∫0 𝑑𝑖𝑠𝑐ℎ_𝑒𝑛𝑑 𝐼𝑑𝑖𝑠𝑐ℎ
𝑄𝑑𝑖𝑠𝑐ℎ
𝐶𝐸 =
=
𝑡
𝑄𝑐ℎ𝑎𝑟𝑔𝑒
∫ 𝑐ℎ_𝑒𝑛𝑑 𝐼𝑐ℎ

(2.4)

0

Normally, CE shows strong variation during formation cycles (caused by SEI formation) followed by
a stable phase. From the stable phase on, CE evolution can be used to track cell degradation and
capacity fade. An example of CE trend for a lithium metal cell is shown in Figure 2.3. In lithium metal

WP5, D5.1, V:2.0
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cells, inactive lithium consists of both electrochemically formed lithium ions compounds in the
electrolyte interphase and electrically isolated unreacted dead lithium. Through experimental
evidence, it has been proven that the amount of unreacted metallic Li exhibits a linear relationship
with loss of CE whereas the lithium ions compounds remain almost constant during the reduction in
the CE value [21]. This implies that dead lithium is the leading factor of CE decrease [22]. This feature
can be exploited to detect lithium cell degradation and dendrites growth. However, high precision and
accuracy is needed for the measurement to appreciate CE variations. Moreover, specific testing
conditions make CE application quite difficult in real applications.

Figure 2.3: Coulombic Efficiency and Specific Capacity curve of a Li//NCM cell with conventional carbonate
electrolyte [19].

2.3. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is an important technique for the characterization
of cell internal electrochemistry [23], [24], [25], [26]. This method is based on the application of a small
AC current perturbation and the measure of the voltage response. The impedance is derived from
current and voltage measurements at specific frequency points. The result can be represented in the
Nyquist plot, with the real and imaginary parts of the impedance respectively on the abscissa and
ordinate axes, as shown in Figure 2.4. Analysing the impedance curve, it is possible to distinguish three
main regions [23]:
•

High frequency region (>1kHz): inductive and ohmic behaviours. The inductive behaviour could
be observed due to the wiring connection of the measurement setup. The ohmic resistance of
the cell is given by the zero-crossing value of the impedance on the real axis. It includes the
contributions of the electrolyte resistance, the connection resistance and to the current
collector resistance.

•

Mid-frequency region (0.1 Hz – 1000 Hz): resistive-capacitive behaviour attributed to chargetransfer processes, both from the electrolyte into the SEI and from the SEI into the active
material of the anode and the cathode.

•

Low frequency region (<0.1 Hz): capacitive behaviour attributed to diffusion processes at the
two electrodes.

The variations of EIS spectra during cell degradation are attributed to LLI, due to consumption of
lithium ions by the SEI layer growth and by decomposition reactions (SEI layer decomposition,

WP5, D5.1, V:2.0
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electrolyte decomposition) and to LAM due to the formation of dead lithium [23], [24], [25], [27].
Impedance variations can be tracked by fitting the spectra with ECMs (Electric Circuit Models) or by
analysing specific parameters, such as the width of the mid-frequency semiarch (depicted as Zarch in
Figure 2.4) [23], [24].
EIS is an effective measurement to extract information about cell degradation as required by
HIDDEN project objectives. Being based on the sole application of an AC current excitation to LMB, EIS
can be also implemented in embedded systems to trigger self-healing action.

Figure 2.4: Nyquist plot representation of a typical EIS spectrum of a Li-ion cell. The chart shows the three
frequency regions and useful parameters to track impedance changes.

2.4. Mid-Voltage parameter
The presence of dead lithium on the anode surface has significant effect on the cycling behaviour
of the cell. Thicker is the layer of inactive lithium, higher is the overvoltage and thus the arcing in the
voltage profile during charging [2]. An example is represented in Figure 2.5. The transition between a
peak shape of the voltage profile to an arc shape can be recorded by measuring the voltage value at
the halfway point in time of each charge cycle. The mid-voltage value increases as the dead lithium
accumulates in the anode, being a useful parameter to track anode’s degradation and possibly to
define when the capacity drop due to impossibility of cycling is occurring.
Mid-voltage technique requires the availability of a full uninterrupted charge profile. So that, the
applicability in real applications is quite restricted.

Figure 2.5: voltage profile of a LMB showing the arcing effect as cycles progress [2].

WP5, D5.1, V:2.0
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2.5. Cycle Time parameter
The cycle time parameter is analogous to Mid-voltage parameter. As a result of the overpotential
caused by dead lithium, the measured voltage will reach the maximum and the minimum values in
shorter time during cycling. The variation between the time duration of a given cycle with respect to
the first one can be used to track cell degradation and the impact of dead lithium on cell cyclability. As
per mid-voltage technique, also the cycle time technique is linked to the availability of full cycle data;
the usability is thus restricted to specific applications.
2.6. Summary
Table 2.1 summarizes all the characterization techniques presented above and ranks them with
respect to criteria related to measurements and to degradation detection aspects:
•

Measurement duration: the longest duration is attributed to CE due to the dedicated
testing protocol; EIS could be performed in a rather short time; all the remaining
techniques deal with a full charge or discharge processes.

•

Measurement complexity: EIS and CE are considered more complex techniques
respectively due to the dedicated hardware necessary to measure the impedance and to
the dedicated protocol with high sampling rate for CE calculation.

•

Applicability (BMS): Mid-voltage and cycle time present a simple implementation, but they
need respectively a full charge and a full cycle as input measurements. IC/DV and EIS
require derivative calculation and magnitude and phase computation.

•

Details about degradation modes: IC/DV and EIS parameters allow to detect degradation
and to discriminate the degradation modes (e.g., loss of active material, loss of lithium
ions). Mid-voltage and cycle time parameters only allow to detect the accumulation of
dead lithium without more details.

•

Dendrite quantification: some of the listed techniques allow to calculate Li plating and
stripping rates. These values are useful to quantify the cell degradation more in details.

Table 2.1 – Evaluation of measurement and detection characteristics of the techniques analysed for lithium
metal cells degradation detection.
Measurement
Technique

Detection

Duration

Complexity

Applicability
(BMS)

Degradation
Modes

Dendrite
quantification

IC

■■□

■□□

■■□

■■■

■□□

DV

■■□

■□□

■■□

■■■

■■■

CE

■■■

■■□

□□□

■■□

■■■

EIS

■□□

■■□

■■□

■■■

■■□

Mid-voltage

■■□

■□□

■■□

■■□

□□□

Cycle time

■■□

■□□

■■□

■■□

□□□

WP5, D5.1, V:2.0
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3. Methodology
This Chapter introduces the methodology that has been developed to benchmark the
characterization techniques presented in Chapter 2. The methodology is based onto three separated
steps: testing, detection parameters identification, threshold setting, and validation (Figure 3.1).

Figure 3.1 - Schematic representation of developed methodology

3.1. Cell testing
An overview of the cell testing procedure is given in Figure 3.2. The three steps are:
•

Formation and 1st characterization: formation is necessary to provide a stable SEI on the
anode electrode; it is normally composed by two full charge-discharge cycles at low rate.
The 1st characterization includes the Battery Capacity Determination (BCD) and EIS
measurements and allows to compare the tested cells and verify the reproducibility.

•

Cycling: this step includes charge-discharge cycles at defined current rate, depth of
discharge (DoD) and voltage range. More details about these settings will be given in the
next chapter. The total number of cycles is fixed a priori.

•

Diagnosis: this step allows to check the cell at regular intervals, applying the
characterization techniques detailed in Chapter 2. A full charge and discharge cycle is
applied for capacity determination and for calculation of IC/DV, mid-voltage and cycle time
parameters. Then, EIS measurements are performed at different voltage levels (i.e.,
different SoCs).

After the capacity check, the cell can continue the test with the following cycling step until it reaches
the End of Life (EoL), that means it is not able anymore to cycle a relevant amount of capacity (i.e., SoH
lower than 25%).
A specific protocol has been developed to calculate the CE. For a correct calculation of this
parameter, it is necessary to perform a continuous cycling without interruptions and at high sampling
rate (e.g., 1mV and 1Hz frequency). The cell must be cycled until EoL without any other diagnosis phase,
which may hinder the CE value stabilisation.

Figure 3.2 - Schematic representation of cell testing procedure.

WP5, D5.1, V:2.0

Page 16 of 37

3.2. Detection parameters identification
Once the experimental results have been collected, they are analysed and the detection parameters
are listed as showed in Table 3.1, last column:
•

As regard IC, the peak position and its intensity are selected. The lower the current rate applied
the better the results provided by the associated detection parameters. A current rate of C/20
is suggested for this type of investigations. However, it is proven that results can still be
obtained up to 1C but with a lower accuracy [28]. Given the comparable results obtained with
IC and DV, only IC has been selected in this study.

•

As regards of CE, the CE itself is the main detection parameter to be used.

•

As regard EIS measurement, the impedance spectra are collected and elaborated to extract the
width of the Mid-frequency semiarch (𝑍𝑎𝑟𝑐ℎ ), the local maximum of the Mid-frequency
semiarch (𝑍𝑚𝑎𝑥 ) and the local minimum before the low-frequency diffusive tail (𝑍𝑚𝑖𝑛 ), as
anticipated in Figure 2.4. Moreover, both the real and imaginary parts can be then used as
detection parameters in some cases.

•

As regards mid-voltage and cycle time, they are themselves the detection parameters to be
tracked. They can be applied not only to diagnosis measurements but also during cycling.
However, it is necessary to carefully select cycles with same C-rate and DoD to track the
degradation of a cell or to make comparisons with other cells.
Table 3.1 - Overview of characterization techniques elaboration and detection parameters calculation.

Characterization
technique

Measurement
protocol

Elaboration (if required)

Detection parameters

IC

Full charge or
Full discharge

𝐼𝐶 =

• Peak position
• Peak intensity

CE

Full cycle

𝑑𝑄 Δ𝑄 𝑄𝑖 − 𝑄𝑖−1
=
=
𝑑𝑉 Δ𝑉
𝑉𝑖 − 𝑉𝑖−1
𝑄𝑑𝑖𝑠𝑐ℎ
𝐶𝐸 =
𝑄𝑐ℎ𝑎𝑟𝑔𝑒

EIS

EIS

𝑍𝑎𝑟𝑐ℎ = 𝑍𝑚𝑖𝑛 − 𝑍𝑜ℎ𝑚

Mid-Voltage

Full charge

𝑀𝑖𝑑 − 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = 𝑉𝑐ℎ𝑎𝑟𝑔𝑒 (𝑡 =

Cycle Time

Full cycle

𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒 = 𝑡𝑒𝑛𝑑 − 𝑡0

• CE value
• 𝑍𝑎𝑟𝑐ℎ
• 𝑍𝑚𝑎𝑥
• 𝑍𝑚𝑖𝑛
𝑡𝑐ℎ𝑎𝑟𝑔𝑒
2

)

• Mid-voltage
• Cycle time

3.3. Thresholds setting
Once the detection parameters are computed, they are tracked during cycling, as shown in Figure
3.3-a. In general, all parameters show slight changes between two consecutives diagnostic phase but,
when cycles increase and hence degradation, it is expected that those changes will increase faster
creating the perfect situation for triggering self-healing mechanisms. However, thresholds on the
variations of the different parameters must be set to activate the self-healing at the right moment, as
shown in the following equation:
𝛥𝑝 = 𝑝𝑖 − 𝑝.𝑖−1 > [𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑]
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A graphical example is given in Figure 3.3-a. The threshold value is not exceeded in checks 1, 2 and
3. The trigger is activated in check 4, where the threshold is exceeded. The empirical thresholds set for
the detection parameters in Table 3.1 will be presented in the next chapter.

Figure 3.3 – a) Detection parameter variation over the cycles performed by the cell under testing. The
threshold fixed is exceeded at the 4th check. b) Representation of the validation process; in the example, both
the SoH range and SoH variation criteria are fulfilled.

3.4. Validation
The validation process is applied to verify whether the trigger signal generated by a detection
parameter truly shows a situation preceding a failure of lithium metal cells or not. The process is
showed in Figure 3.3-b and it is based on capacity fade. Two are the criteria:
•

SoH range: at the time when the trigger is activated the SoH of the cell must be between two
limits. This is done to avoid too early or too late self-healing activation.

•

SoH variation: the variation between the SoH of the cell at the time when the trigger is
activated and the SoH at the following diagnosis step is used to check if the parameter is
detecting and preventing a fast degradation.

If both the criteria are fulfilled, as in the example of Figure 3.3-b, the selected parameter and
correspondent threshold are marked suitable to detect lithium metal cell degradation.
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4. Case study
The methodology presented in Chapter 3 has been applied to lithium metal cells produced within
the HIDDEN project framework. The tested cells have been produced in three different batches and
received at separate times (see appendix B for details about LMB inventory). Table 4.1 collects the
main characteristics of the tests performed on the three batches, under testing protocol shown in
Figure 3.2: (i) number of cycles performed, the C-rate and voltage range during formation; (ii) capacity
determination and EIS during 1st characterisation, (iii) C-rate, DoD and number of cycles applied during
cycling phase, and (iv) capacity determination and EIS during diagnosis phase. The cells that performed
Coulombic Efficiency Determination are labelled as “CED” in the column diagnosis.
Table 4.1 - Tests characteristics for the three batches of cells, under testing protocol as per Figure 3.2.
Cycling
Formation

st

1 Batch

nd

2 Batch

rd

3 Batch

1st charact.

• 3 cycles
• C/10
• 3-4.3V

• BCD at C/10
• EIS at different
SoCs

• 2 cycles
• C/20
• 3-4V

• EIS at 3.8V

• 2 cycles
• C/20
• 3-4V

• BCD at C/20
• EIS at different
SoCs

Cell
ID

C-rate

DoD

# of
cycles

5
6
7
8
10
11
12
15
21
22
24
19
17
36
29
38
37

C/10
C/5
C/2
1C
C/10
C/5
C/2
C/20
C/20
C/20
C/20
C/10
C/20
C/20
C/20
C/20
C/20

100%
100%
100%
100%
100%
100%
100%
20%
50%
80%
100%
100%
100%
20%
50%
80%
100%

10
10
10
10
5
2
1
1
1
25
10
5
5

Diagnosis

• BCD at C/10
• EIS at different
SoCs
CED
CED
CED

• EIS at 3.8V

CED
• BCD at C/10
• EIS at different
SoCs

Overall, the tests performed on the three batches were focus on distinct aspects:
•

1st batch (C-rate focused): cycling at different C-rates exploiting the full capacity of the cells (i.e.,
DoD 100%) and complete diagnosis (BCD + EIS) of the cells at intervals of 10 cycles.

•

2nd batch (DoD focused): cycling at reduced DoD to understand the effect of smaller voltage
windows keeping the same C-rate for all the samples. Only EISs were performed as diagnosis at
different number of cycles depending on the DoD to obtain intervals of about one equivalent
cycle.
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•

3rd batch (hybrid): cycling at reduced DoD as in the 2nd batch but performing a full diagnosis
with BCD and EIS as in the 1st batch at intervals corresponding to approximately 5 equivalent
cycles.

For simpler readability and a more effective analysis, all the CED tests are grouped together (from
1 and 2nd batch). The following paragraphs will present test results and detection results highlights
for each batch and for CED tests.
st

4.1. 1st batch experiments (C-rate focused)
The formation process of the 7 cells belonging to 1st batch showed an average capacity of 540.2
mAh with a standard deviation of 15.6mAh, which is less than 5% variation showing a good cell by cell
reproducibility. In terms of impedance, all the cells were aligned with negligible differences at low
frequencies. Figure 4.1-a. shows that, regardless the different applied current rates during cycling, all
the cells behave similarly in capacity fade, changing slope around the 13th equivalent cycle. SoH is
therefore affected by the total cycled capacity. EIS spectra show a constant increase in the overall
impedance (i.e., shift to the upper-right direction, ref Figure 4.1-b), both real and imaginary parts.
Moreover, high frequency impedance points shift to 1st quadrant hindering the computation of the
purely ohmic contribution (i.e. zero crossing).

Figure 4.1 – a) SoH of the 1st batch cells as function of the equivalent cycles. b) Impedance spectra changes
for cell_ID6.

As per the above methodology, the different detection parameters have been computed from the
testing results. Figure 4.2 shows that the four cells (see Table 4.1 for reference) present similar trends.
Cell_ID5 and cell_ID6, cycled respectively at C/10 and C/5 show a steep variation in two of the chosen
parameters (mid-voltage and Zarch) after the 15th equivalent cycle. In relative terms, the variations of
the impedance-based ones are up to two orders of magnitude higher than the voltage profile based
one. This fact must be considered when fixing the triggering thresholds. Cell_ID7 and cell_ID8 do not
show clear trend. This is also caused by the low cyclability of the cells ~ 20 cycles maximum (i.e.
expectations before testing was around > 50 cycles) which influenced the number of detection points
available in the 1st batch. The most probable reason for the low cyclability is the fast growth of mossy
lithium (as per process b in Figure 1.2) and later detachment from the anode surface causing
accumulation of dead lithium (see appendix A for more details).
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Figure 4.2 – a) Mid-voltage parameter trend; b) Zarch, impedance parameter trend

4.2. 2nd batch experiments (DoD focused)
Given the testing protocol presented in Table 4.1, SoH determination was not performed due to the
strict respect of DoD levels. Pseudo-SoH was therefore introduced as the ratio between the discharge
capacity of each cycle at given DoD over the discharged capacity of the first cycle at the same DoD.
Results are shown in Figure 4.3-a. At low DoD levels (i.e. 20% and 50%) the capacity fade shows a steep
decrease around the 3rd equivalent cycle while with higher DoD levels (80% DoD and 100% DoD) the
knees are postponed. This is counterintuitive and can only be explained by the fast accumulation of
dead lithium due to the more frequent polarity changes in test with smaller DoDs (see appendix A for
more details). Moreover, Cell_ID19 and cell_ID5 from the 1st batch show different results, even if the
cycling conditions were identical. This can be attributed either to the more rest periods during
diagnosis phases for cell_ID5 or to manufacturing issues. Figure 4.3-b shows the changes in the
impedance spectra for cell_ID24. Up to the 7th cycle the EISs are overlapped, and they start to
consistently change from the 11th cycle. This is having a good correspondence with the knee point
which is found around the same cycle number (see Figure 4.3-a).

Figure 4.3 – a) Pseudo-SoH of the 2nd batch cells as function of the equivalent cycles. b) Impedance spectra
changes for cell_ID24.

As done in the previous paragraph for the 1st batch, Figure 4.4 shows the trends of two chosen
detection parameters (Mid-voltage and Zarch ) for the 2nd batch. Both elaborations are found consistent
with the testing results presented in Figure 4.3-a. Detection parameters show a steep rise in
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correspondence of the capacity fade knees, but immediately followed by a steep decrease (e.g.
cell_ID21 and cell_ID22). These behaviours can be most probably attributed to lithium metal formation
on the top of the SEI layer that allow an exchange of ions with lower resistance; however, the available
capacity is negligible (pseudo SoH lower than 20%).

Figure 4.4 – Two examples of trends of detection parameters over the equivalent cycles for the cells of the 2 nd
batch: a) Mid-voltage, voltage profile based parameter; b) Zarch, impedance based parameter.

4.3. 3rd batch experiments (hybrid)
These experiments are performed with different DoD levels as in the 2nd batch and including
diagnosis phases as done in the 1st batch, but with higher frequency, i.e., every 5 equivalent cycles.
These settings overcome the issues of the two previous batches related to: (i) the low number of
diagnosis points (1st batch) and (ii) the use of pseudo-SoH given the absence of capacity measurement
(2nd batch). Looking at the results in Figure 4.5-a, all the cells show similar behaviour. In all cases, the
capacity fade is having his knees around the 12th equivalent cycle (Figure 4.5-a). If we focus on
cell_ID29, the SoH starts to drop faster after 11 equivalent cycles, and this is also tracked by the
impedance spectra which show a consistent shift exactly at the 11th cycle (Figure 4.5-b). This is finally
also confirmed in Figure 4.6 where the trend of Mid-voltage and Zarch parameters are presented. The
impedance-based parameters show a gradual rise of the slope between the 8th and the 15th cycles in
all cases.

Figure 4.5 – a) SoH of the 3rd batch cells as function of the equivalent cycles. b) Impedance spectra of cell
ID29; every measure has been performed at intervals of 5 equivalent cycles.
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Figure 4.6 – Two examples of trends of detection parameters over the equivalent cycles for the cells of the 3 rd
batch: a) Mid-voltage, voltage profile based parameter; b) Z arch, impedance-based parameter.

4.4. Coulombic Efficiency Determination
The coulombic efficiency determination has been done with a dedicated protocols on 3 cells of the
1 batch and 1 cell of the 2nd batch. Figure 4.7-a shows the pseudo-SoH over the equivalent cycles. The
first rise in the capacity for Cell_ID12 is attributed to a not completed SEI formation on the anode
electrode. This is also confirmed by the CE trend in Figure 4.7-b, where initial stabilisation phase is seen
for cell_ID10, cell_ID11 and cell_ID12. After this first phase, the value becomes stable around 100%.
Cell degradation starts to be clear at the 8th cycle for cell ID11, at the 9th cycle for cell ID17 and at the
11th cycle for cell ID10. The high fluctuations of CE for cell ID12 suggests that the current rate of C/2 is
too high for CED. The faster capacity fade of cell_ID11 and cell_ID12 can be attributed to the more
frequent changes in polarity which boost the formation of mossy lithium and accumulation of dead
lithium (see appendix A for more details).
st

Figure 4.7 – a) pseudo-SoH of the cells that performed CED as function of the equivalent cycles. b) CE trends
of the tested cells as function of the equivalent cycles.
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5. Validation of detection parameters
After having detailed the methodology and testing results, Chapter 5 details the validation of the
detection parameters over the measurements. Given the empirical nature of the triggering thresholds
adopted on the different detection parameters, a sensitive analysis study will be also presented at the
very end of the chapter.
5.1. Triggering thresholds and validation criteria adopted
Fixing thresholds for the detection parameters is necessary to assess if a given parameter can detect
and anticipate degradation. Applying the criteria explained in Paragraph 3.3, arbitrary values have been
chosen for the detection parameter under analysis. Those values are listed in Table 5.1. All thresholds
are defined as relative deltas between consecutive diagnosis steps i and i-1. Only mid-voltage and cycle
time parameters are also checked in absolute terms, meaning that the variation with respect to the
first diagnosis (t=0) is also computed.
Table 5.1 - Triggering thresholds chosen for the detection parameters investigated.
Detection parameter

Triggering threshold

Mid-Voltage

𝑀𝑖𝑑_𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑖 − 𝑀𝑖𝑑_𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑖−1 > 1.25%
𝑀𝑖𝑑_𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑖 − 𝑀𝑖𝑑_𝑉𝑜𝑙𝑡𝑎𝑔𝑒0 > 2.5%

Cycle Time

𝐶𝑦𝑐𝑙𝑒_𝑇𝑖𝑚𝑒𝑖 − 𝐶𝑦𝑐𝑙𝑒_𝑇𝑖𝑚𝑒𝑖−1 < 4%
𝐶𝑦𝑐𝑙𝑒_𝑡𝑖𝑚𝑒𝑖 < 90%

IC peak intensity

𝑃𝑒𝑎𝑘_𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑖 − 𝑃𝑒𝑎𝑘_𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑖−1 >5%

𝑍𝑚𝑎𝑥 [𝑖𝑚]

𝑍_𝑚𝑎𝑥𝑖 − 𝑍𝑚𝑎𝑥𝑖−1 > 15%

𝑍𝑚𝑖𝑛 [𝑖𝑚]

𝑍_𝑚𝑖𝑛𝑖 − 𝑍𝑚𝑖𝑛𝑖−1 > 15%

𝑍𝑎𝑟𝑐ℎ

𝑍𝑎𝑟𝑐ℎ𝑖 − 𝑍𝑎𝑟𝑐ℎ𝑖−1 > 15%

Coulombic Efficiency

𝐶𝐸𝑖 − 𝐶𝐸𝑖−1 > 1.5%

A triggering event is validated as successful whenever the two criteria presented in Chapter 3,
respectively about SoH range and SoH variation are fulfilled (Figure 3.3):
70% < 𝑆𝑜𝐻𝑖 < 90%

(5.1)

𝑆𝑜𝐻𝑖+1 − 𝑆𝑜𝐻𝑖 ≥ 5%

(5.2)

where i is the equivalent cycle at which the detection parameter is triggered.
5.2. Results
The above triggering thresholds and the validation criteria presented in the previous paragraph
have been applied to the experimental results detailed in Chapter 0. The most representative examples
for the three batches are represented in Figure 5.1.
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Figure 5.1 –Validation results about different detection parameters: a) 1st batch cycling test at C/10 and 100%
DoD; b) 2nd batch cycling tests at C/20 and 100% DoD; c) 3rd batch cycling test at C/20 and 50% DoD; d) 1st
batch CED test at C/10.

As regard the 1st batch, Figure 5.1-a exemplifies results for cell_ID5 that performed cycling at C/10.
The detection with voltage profile-based parameters is triggered right before the 15th equivalent cycle
while the one with impedance-based parameters is triggered right after the same. In general, the
detection performance is highly influenced by the sparse number of diagnosis points (only three in the
discussed case) in the 1st batch.
As regards of the 2nd batch, Figure 5.1-b exemplifies results for cell_ID24 that performed tests at
C/20 and 100% DoD. The high number of available detection points make the different detection
parameters to be triggered at different equivalent cycles, but all respecting the validation criteria on
SoH range and variation. Comparable results are obtained with cells cycled at 80%, 50% and 20% DoD.
As regards of the 3rd batch, Figure 5.1-c exemplifies results for cell_ID29 that performed tests at
C/20 and 50% DoD. IC-based detection parameter anticipated the activation when the SoH was still
higher than 90%. The impedance-based indicators trigger correctly in two cases out of three (Zmax and
Zarch), but too late in case of Zmin. Finally, both mid-voltage and cycle time parameters are activated in
time respecting the validation criterium on the SoH. It is worthwhile to mention that the validation
results on the 3rd batch is probably the most representative one when thinking about a real application,
where only few but meaningful diagnostic cycles can be performed. This means that detection is not
always possible in all conditions, refining and tuning of both parameters and thresholds will be always
necessary.
Finally separated validation results have been obtained for the CE parameter due to the dedicated
testing protocol. Figure 5.1-d exemplified result for cell_ID10 of the 1st batch which cycled at C/10. The
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parameter is triggered at the 13th equivalent cycle when the pseudo-SoH of the cell was slightly lower
than 90% and just before a strong decrease. The CE-based activation was confirmed in this case.
The results of the validation process are summarized in Table 5.3:
•

The results of 1st batch presents either complete fulfilment of the SoH criteria or complete
unfulfillment. This situation is due to the sparse number of diagnosis points and to the fast
degradation of the cells, which is accelerated at higher C-rates.

•

The results of the 2nd and 3rd batches present more homogeneous results, but with no
indicators that fulfil requirements in all conditions.

•

In general, all the results are very highly influenced by the arbitrary choice of the thresholds
values for the different parameters.

Table 5.2 – Legend to interpret the results presented in Table 5.3.
Symbol

SoH range
fulfilled
fulfilled
failed
failed

●|●
●|○
○|●
○|○

SoH variation
fulfilled
failed
fulfilled
failed

Table 5.3 – Results of the validation process. The columns are the testing conditions; the rows are the
detection parameters. Legend in Table 5.2.

C/2 – 100% DoD

1C – 100% DoD

C/20 – 100% DoD

C/10 – 100% DoD

C/20 – 80% DoD

C/20 – 50% DoD

C/20 – 20% DoD

C/20 – 100% DoD

C/20 – 80% DoD

C/20 – 50% DoD

C/20 – 20% DoD

3rd batch

C/5 – 100% DoD

2nd batch

C/10 – 100% DoD

1st batch

Mid-Voltage

●|●

●|●

○|○

○|○

○|○

○|●

●|●

○|●

●|○

●|●

●|●

●|●

●|●

Cycle Time

●|●

●|●

○|○

●|●

●|○

●|●

○|●

●|●

●|○

●|●

●|●

●|●

●|●

IC peak
intensity

●|●

●|●

○|○

○|○

○|○

●|●

○|●

●|●

●|●

●|●

●|●

○|○

●|●

𝑍𝑚𝑎𝑥 [𝑖𝑚]

●|●

●|●

○|○

○|○

○|○

●|●

●|●

●|●

○|●

●|○

○|○

○|○

○|○

𝑍𝑚𝑖𝑛 [𝑖𝑚]

●|●

●|●

○|○

○|○

●|●

●|●

●|●

●|●

●|○

●|○

●|●

○|●

○|●

𝑍𝑎𝑟𝑐ℎ

●|●

●|●

○|○

○|○

●|●

●|●

●|●

●|●

○|●

●|○

●|●

○|○

○|○

Coulombic
Efficiency

○|●

●|●

●|●

-

●|●

-

-

-

-

-

-

-

-
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5.3. Sensitivity analysis
A sensitivity analysis has been applied to generalise the approach and to find the best detection
parameter. For this purpose, ten different thresholds values have been chosen for each parameter, as
listed in Table 5.4. The sensitivity analysis has been applied only to the 2nd and 3rd batches, given the
few diagnosis points available in the 1st batch. As regards the CE, all the 4 tested cells (1st and 2nd
batches) have been considered.
Table 5.4 – Thresholds limits selected for the sensitivity analysis.
Lim_1

Lim_2

Lim_3

Lim_4

Lim_5

Lim_6

Lim_7

Lim_8

Lim_9

Lim_10

0.1

0.25

0.5

0.75

1

1.25

1.5

2

2.25

2.5

1

1.5

2

2.5

3

4

5

6

7.5

10

IC peak
intensity [%]

0.25

0.5

0.75

1

2.5

5

7.5

10

12.5

15

𝑍𝑚𝑎𝑥 [𝑖𝑚] [%]

2.5

5

7.5

10

12.5

15

17.5

20

22.5

25

𝑍𝑚𝑖𝑛 [𝑖𝑚] [%]

2.5

5

7.5

10

12.5

15

17.5

20

22.5

25

𝑍𝑎𝑟𝑐ℎ [%]

2.5

5

7.5

10

12.5

15

17.5

20

22.5

25

Coulombic
Efficiency [%]

0.1

0.25

0.5

1

1,5

2

2.5

3

4

5

Mid-Voltage [%]
Cycle Time [%]

The detection success rate for a given threshold is defined as the ratio between the number of cases
where the SoH validation criterium is fulfilled over the total number of tested cases (i.e. total number
of cells tested in 2nd and 3rd batches). The results of the analyses and the success rates are presented
in Table 5.5 and in Table 5.6 for the two SoH validation criteria.

Table 5.5 – SoH range criterium fulfilment for the different threshold limits introduced in Table 5.4.
SoH range criterium fulfilment [70% < 𝑆𝑜𝐻𝑖 < 90%]
Lim_1

Lim_2

Lim_3

Lim_4

Lim_5

Lim_6

Lim_7

Lim_8

Lim_9

Lim_10

Mid-Voltage [%]

33%

33%

44%

67%

67%

67%

56%

44%

44%

44%

Cycle Time [%]

33%

44%

56%

56%

78%

89%

100%

100%

100%

100%

IC peak
intensity [%]

11%

11%

11%

11%

22%

56%

67%

67%

67%

56%

𝑍𝑚𝑎𝑥 [𝑖𝑚] [%]

22%

22%

22%

33%

33%

33%

22%

44%

22%

22%

𝑍𝑚𝑖𝑛 [𝑖𝑚] [%]

22%

22%

22%

44%

56%

67%

67%

67%

56%

33%

𝑍𝑎𝑟𝑐ℎ [%]

22%

33%

33%

33%

44%

44%

44%

56%

33%

22%

Coulombic
Efficiency [%]

25%

25%

25%

50%

50%

50%

50%

50%

50%

25%
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Table 5.5 reports the validation over the SoH range. It shows that when the thresholds value is low
(e.g. Lim_1 and Lim_2), the success rate is low too and the detection is triggered too early. This result
is amplified in case of impedance-based parameters, where low success rate happens also with higher
threshold values due to late detection. Table 5.6 reports the validation over the SoH variation. In this
case, higher success rates are reached by all the detection parameters except CE. Impedance-based
parameters show an averaged success rate higher than 64%, with the best performances given by the
Zmin parameter. Mid-voltage, cycle time and IC peak intensity show a similar averaged success rate.

Table 5.6 – SoH variation criterium fulfilment for the different threshold limits introduced in Table 5.4.
SoH variation criterium fulfilment [ 𝑆𝑜𝐻𝑖+1 − 𝑆𝑜𝐻𝑖 ≥ 5% ]
Lim_1

Lim_2

Lim_3

Lim_4

Lim_5

Lim_6

Lim_7

Lim_8

Lim_9

Lim_10

Mid-Voltage [%]

44%

44%

56%

78%

78%

78%

67%

78%

67%

67%

Cycle Time [%]

56%

56%

67%

67%

78%

78%

78%

78%

78%

78%

IC peak
intensity [%]

44%

44%

44%

44%

44%

78%

89%

100%

89%

67%

𝑍𝑚𝑎𝑥 [𝑖𝑚] [%]

44%

44%

56%

56%

56%

56%

56%

78%

67%

78%

𝑍𝑚𝑖𝑛 [𝑖𝑚] [%]

44%

44%

44%

67%

78%

89%

89%

89%

100%

78%

𝑍𝑎𝑟𝑐ℎ [%]

44%

44%

44%

56%

67%

67%

67%

89%

78%

67%

Coulombic
Efficiency [%]

0%

0%

25%

25%

75%

50%

50%

50%

75%

50%

Finally, both sensitivity analyses are combined holding the lowest success rate (SR) registered over
the two validation criteria:
𝑆𝑅𝑙𝑖𝑚1 |𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = min(𝑆𝑅𝑙𝑖𝑚1 |𝑆𝑜𝐻 𝑟𝑎𝑛𝑔𝑒 , 𝑆𝑅𝑙𝑖𝑚1 |𝑆𝑜𝐻 𝑣𝑎𝑟 )

(5.3)

Once the joint success rate is calculated, the best thresholds is found as the one that gives the
highest success rate for a specific detection parameter (Table 5.7). If more than one limit presents the
same success rate, the lowest one is chosen.
Table 5.7 – Sensitivity analysis results.
Success rate

Threshold value

Mid-Voltage [%]

67%

0.75%

Cycle Time [%]

78%

3%

IC peak intensity [%]

67%

7.5%

𝑍𝑚𝑎𝑥 [𝑖𝑚] [%]

44%

20%

𝑍𝑚𝑖𝑛 [𝑖𝑚] [%]

67%

15%

𝑍𝑎𝑟𝑐ℎ [%]

56%

20%

Coulombic Efficiency [%]

50%

1.5%
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The highest success rate is obtained by the cycle time parameter, with 78% of the cases where the
detection fulfilled both the SoH criteria. Mid-voltage and IC peak intensity show the same maximum
success rate of 67%. Impedance-based parameters registered an average success rate of 56%, with the
best result obtained by Zmin (67%). Finally, CE presents positive results only in 50% of the tested cases.
On average, the detection techniques are successfully detecting degradation in 60% of the cases.
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6. Conclusions
This document presented the results obtained investigating non-invasive characterization
techniques that can be used to detect lithium metal cells degradation. After a review of the selected
techniques (Chapter 2), Chapter 3 presented the developed methodology to benchmark the detection
parameters. The methodology includes (i) the cycling and diagnosis of standard lithium metal cells via
dedicated testing protocol; (ii) analysis of testing results with special attention on detection
parameters trends with respect to capacity fade; (iii) thresholds selection for the detection parameters
to trigger an action (e.g. self-healing) and (iv) performance validation of the detection parameters in
identifying lithium dendrite growth. Chapter 4 presented the case study where three batches of
standard lithium cells have been tested. Tests on the different batches differ on the testing protocol
applied: 1st batch at different C-rates and 100% DoD, 2nd and 3rd batches at fixed C-rate and different
DoD ranges. Finally, Chapter 5 presented the validation results including a sensitivity analysis with
different thresholds. When the correct threshold is selected, the detection parameters performed at
best up to 78% in the case of the cycle time parameter and of 67% in the case of mid-Voltage, IC peak
intensity and Zmin parameters. On average, the detection techniques are successfully detecting
degradation in 60% of the cases.
Validity of the results
This work presents a structured methodology to test and validate parameters that can be used to
detect degradation in LMB. However, this does not imply that dendrites are the only mechanism that
happens. During the experimental phase, it was in fact not possible to discriminate dendrite growth
from dead lithium, the fast accumulation of which has been confirmed by post-mortem analysis (details
in appendix A). All the tested cells reached their EoL due to cycling failure and not for short-circuit
failure.
Replicability of the results
The results presented in this document are very dependent on the experimental campaign
performed for two reasons: (i) statistics, few cells were tested so far and (ii) specificities of the tested
cells, a fast unexpected degradation was registered and linked to fast accumulation of dead lithium. If
it is true that the developed methodology can be replicated to other LMB with different chemical
formulation, it is also true that different performance results could be found in the end.
Applicability of the results
The tested detection techniques can be implemented in embedded systems to sense degradation,
activate the self-healing methods selected in the HIDDEN project, and check the benefit. Some
techniques are easier than others (see Table 2.1 for reference), but in general all the non-invasive
technique proposed can be implemented in BMSs except for CE.
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Appendix A: dead lithium analyses
This section includes support material for the tests presented in Chapter 4 and more analyses that
have been performed to better understand and confirm the degradation detection process. In general,
the analyses above prove that the fast accumulation of dead lithium was the main cause of capacity
fade of the tested cells.
A.

Support material for test results

All the results presented in Chapter 4 showed fast degradation for all the tested cells, which were
not able to cycle more than 15/20 cycles. The fast capacity fade of the cell is attributed to the fast
growth of mossy lithium on the anode surface followed by the detachment and accumulation of dead
lithium between the anode layers and separators. This is confirmed by Figure 0.1 which shows the
voltage profile of cell_ID5 in different cycling steps (C/10 with 100% DoD). At the beginning of the
experiment (Figure 0.1-a), the voltage profile shows a small peak during charge and a bump during
discharge in the 1st cycle as presented in Figure 2.5. After few cycles (Figure 0.1-b), the cycle time starts
to decrease. Progressing with the cycling (Figure 0.1-c), the voltage changes in shape manifesting a
strong arcing effect, a clear proof about the accumulation of dead lithium.

Figure 0.1 – Voltage profile evolution of cell_ID5 (1st batch) in three specific periods of tests: (a) very
beginning of cycling phase; (b) 9th and 10th cycles; (c) 13th to 19th cycles, after the diagnosis phase.

In the same fashion, Figure 0.2 shows some trends from the 2nd batch. Specifically, cell_ID5 (a-b)
and of cell ID21 (c-d) which cycled respectively with 20% and 50% DoD at C/20. Also, in this case the
voltage profiles show their common shape in early cycles and the arcing effect appears in a later stage,
with a rapid decrease of cell cycling performances.

Figure 0.2 – Voltage profile evolution of cell_ID15 (a-b) and cell_ID21 (c-d). In both cases, voltage profiles do
not present arcing phenomenon that becomes evident later, as shown in (b) and (d).
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Figure 0.3 shows the voltage profile of cell_ID12 that performed CED test at C/2. The high c-rate
phases caused a fast degradation, as shown in Figure 4.7. The arcing phenomenon starts to be more
relevant from the 5th cycle (around 15 hours after the test started) due to accumulation of dead lithium.
The dead lithium increases the overvoltages and the cycle duration is strongly reduced to a level which
the available capacity is negligible.

Figure 0.3 – Voltage profile evolution of the cell_ID12 (1st batch) that performed CED at C/2. The arcing
phenomenon starts to appear from the 5th cycle on.

B.

Post-mortem analyses

Post-mortem analyses have been performed to confirm the results presented in Chapter 4 and in
the previous paragraph, with special attention to the fast degradation experienced during tests. Three
cells have been disassembled to analyse the electrodes:
1. A new cell after assembling and electrolyte filling.
2. A cell that performed formation, i.e. 2 cycles at C/20.
3. A cell that performed cycling tests at 1C.

Figure 0.4 – Lithium electrode extracted from three different lithium metal cells. a) new cell as received at
CSEM; b) cell that performed 2 formation cycles at C/20; c) cell that performed cycling at 1C.

The negative electrode presented relevant differences, as shown in Figure 0.4-b and c. The new
lithium metal is shiny with a homogeneous surface (Figure 0.4-a). After formation, a dark-grey/black
layer starts to accumulate on the lithium surface (Figure 0.4-b): dead lithium. After cycling at high
current rate and 100% DoD the anode surface appears completely covered by a thick black layer (Figure
0.4-c). The non-homogeneity of dead lithium layer is due to the disassembling procedures, including
separation of anode and separator layers. In some cases, the dead lithium was adherent to the

WP5, D5.1, V:2.0

Page 32 of 37

separator surface; however, no sign of perforation was found in the three analysed cells (i.e. no
evidence of dendritic formation). The positive electrode had no meaningful differences between the
three samples, and it is therefore not included in this analysis.
C.

Additional tests

More tests have been performed to identify countermeasures against the dead lithium
accumulation. Two actions were taken:
1. Electrolyte refill: cell_ID37 have been re-filled with new electrolyte after the cycling tests to
understand if the electrolyte was the limiting factor. The operation was performed inside argonfilled glovebox with a needle; the amount of electrolyte was the same used during cell
assembly. The capacity recovery was of about 7% of the original one (1st formation cycle),
followed by a sudden reduction to previous level. Therefore, the electrolyte quantity is not
driving the capacity fade. The dead lithium is covering all surfaces, hindering the possibility for
any ion exchange.
2. Cycling at C/100: a new cell has been cycled at C/100 for 4 cycles before applying post-mortem
analysis. Capacity measurement showed a negligible fade (lower than 1%) and negligible
impedance increase. However, post-mortem analysis showed the presence of dead lithium on
the anode surface (Figure 0.5). In this case, the dead lithium is spread more homogeneously
over the lithium surface than in the case of Figure 0.4-b (2 cycles at C/20). Therefore, dead
lithium is always forming in the tested cells since the very first cycles, even at an extremely low
current rate.
It was therefore concluded that the fast capacity fade registered in all tested cells is coming from
the fast consumption of lithium metal coated over the copper foil. The faster and more frequent
the plating-stripping process, the lower the lifetime of the cells.
Possible structural countermeasures can be the following: (i) realising a protecting layer (artificial
SEI) that allows controlling the electrode-electrolyte reaction rate; (ii) switch to ether-based
electrolyte which is commonly used in lithium-metal based cells to improve SEI stability [29].

Figure 0.5 – Lithium electrode extracted from a cell that performed 4 cycles at C/100.
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Appendix B: LMB inventory
The following list serves to map all the LMB cells that have been received by CSEM.
30 LMB have been received: 17 cells have been tested with the protocols presented in Chapter 4, 8
cells have been tested with other protocols (e.g. preliminary measurements, general characterisation,
etc.), 2 cells have not been used, 3 cells have been discarded due to early-stage failure.
Out of the 30 LMB cells, 3 underwent a post-mortem analysis.
Cell ID
1
2
5
6
7
8
9
10
11
12
15
16
17
18
19
20
21
22
23
24
29
30
31
32
33
34
35
36
37
38

Batch
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
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Tested
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Protocol
Preliminary measurements
Preliminary measurements
Cycling
Cycling
Cycling
Cycling
– (failure)
CED
CED
CED
Cycling
– (failure)
CED
Formation
Cycling
– (failure)
Cycling
Cycling
Other test
Cycling
Cycling
–
–
Other tests
Other tests
Test at C/100
Other tests
Cycling
Cycling + refill electrolyte
Cycling

Post-mortem
No
No
No
No
No
yes
No
No
No
No
No
No
No
Yes
No
No
No
No
No
No
No
yes
No
No
No
No
No
No
No
No
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