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Abstract 

With an increasing demand for sustainable transport solutions, there is a demand for electrified vehicles. 

One way to store energy on board an electrified vehicle is to use a lithium-ion battery (LIB). This battery 

technology has many advantages, such as being rechargeable and enabling reasonably high power output 

and capacity. To ensure reliable operation of LIB:s, the battery management system (BMS) must be 

designed with regards to the electrochemical dynamics of the battery. However, since the battery ages 

over time, the dynamics changes as well. It is possible to predict ageing, but some ageing mechanisms 

can occur randomly, e.g. due to variations of circumstances during manufacturing, and variations of 

battery user choices. Hence, by monitoring ageing mechanisms in situ, the BMS can adapt accordingly, 

similar to a closed loop control system. 

One ageing mechanism in LIB:s is lithium plating. This mechanism signifies when Li ions are 

electrochemically deposited as metal onto the negative electrode of the LIB during charging, and can 

induce other ageing mechanisms, such as gassing or electrolyte reduction. The present project has 

investigated a method for detecting Li plating in situ after its occurrence by both analysing the voltage 

change over time during open-circuit voltage (OCV) periods after charging and monitoring battery 

swelling forces. Results show a correlation between a high probability of Li plating and the appearance 

of a swelling force peak and an OCV plateau. However, results also show a possible correlation between 

the onset of Li plating and the onset of the swelling force peak, while also showing a greater detectability 

of the force signal compared to the electrochemical signal. Furthermore, the present results show that 

the magnitudes of both signals are probably related to the amount of plated Li. The amount of 

irreversibly lost Li from plating is shown to have a possible correlation with accumulation of swelling 

pressure. However, to further validate the feasibility of these two signals, more advanced analysis is 

required, which was not available during this project. 
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2. Introduction 
The LIB is among the most popular battery technologies of today. It is being used in a lot of various 

applications, ranging from phones to cars. Since a few years back, trucks and busses are vehicles that 

are joining the fleet of electrified vehicles. Compared to internal combustion engine based powertrains, 

the challenges with developing electrified trucks and busses using a battery are that such a system has a 

lower energy density and specific energy, a shorter lifetime and they are often more expensive [1]. 

Hence, the performance of commercially available battery systems must be enhanced to be more 

competitive to ICE systems. 

A part of the development of enhanced battery lifetime, is to develop better battery management systems 

(BMS:s) that run the batteries in a more dynamic and adaptive fashion, e.g. BMS:s that monitors battery 

ageing and detects certain battery failures, allowing the BMS to adapt in a suitable way – similar to a 

closed loop control system. However, ageing monitoring does not provide a strategy for preventing 

ageing from ever occurring, since the concept is based on measuring signals that are recorded as a failure 

occurs or after it already has occurred or as it is occurring. 

There are projects today on more advanced BMS battery models that implements strategies to avoid 

ageing mechanisms [2]. A recent paper by Zou et al, an ageing sensitive control algorithm was presented. 

By designing a control algorithm that ensures that critical parameters never exceed their critical limits, 

e.g. the Li concentration at the surface of a graphite particle, which critical limit governs to the onset of 

Li plating, a fast charging strategy was obtained [2]. 

However, as the battery ages, the performance of the battery changes. Thus, the BMS battery model 

must also change in order to keep preventing ageing. Since ageing is dependent on how the battery is 

used, and since battery usage varies between users, it is of relevance to monitor ageing and use such 

data to adapt the BMS battery model. 

The degree of ageing of a battery is sometimes referred to as state of health (SOH). Usually, SOH is 

implemented by estimating the ratio between an actual capacity after running a battery for some time, 

and the capacity at beginning of life (BOL) [3]. This way of estimating SOH does however not contain 

information about the aging mechanism or failure mode and is not easy to translate into an improved 

way to operate the battery. 

Lithium plating is an ageing related phenomenon that can occur in lithium-ion batteries (LIB:s). It can 

initiate a range of battery failures, e.g. internal short circuit, excessive capacity loss, and gassing. Hence, 

by avoiding Li plating, the risk of battery failure can decrease. It is possible to model Li plating in 

reasonable ways, however, as the battery ages, the model must change accordingly. Thus, by detecting 

Li plating in situ, the model of a BMS could be updated online continuously. 

There is a range of available methods for detection of Li plating, and this project  focus on two of  these 

methods: voltage curve analysis during relaxation after charging, also known as the voltage plateau 

method, and battery swelling by measuring the expansion forces. In the plateau method, a voltage 

plateau is observable during open circuit voltage and is caused by a mixed potential at the interface 

between metallic lithium and graphite. Regarding swelling, it is documented that Li plating is related to 

an increased electrode volume [4], which is measured as a pressure increase. These two methods do not 

require any advanced equipment, e.g. NMR apparatus, and they can be implemented in situ without 

disassembling the battery. 
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However, the plateau method can only detect reversibly plated lithium. The ratio between irreversibly 

and reversibly plated lithium is dependent on local events on the electrode surface due to inhomogeneous 

circumstances, and is thereby unclear. Furthermore, swelling might occur due to other reasons than the 

occurrence of Li plating, e.g. gassing. Hence, the qualities of each of the two individual signals are yet 

uncertain. One purpose of this project is thus to investigate the quality of combining the two signals as 

a means for detection of Li plating. [5] 

2.1. Aim 
The present project aims to investigate a combination of the plateau method together with measurements 

of cell swelling forces, to detect Li plating on the graphite anode of a LIB in situ. The plateau method, 

is based on using the voltage plateau that arises from the mixed potential that occurs as lithium is plated 

onto a graphite surface. The long-term vision is to implement such a method as an input signal to an 

ageing-sensitive BMS, if this method shows an acceptable feasibility. 

2.2. Hypotheses 
• The combination of the plateau method and swelling monitoring is a feasible signal for the 

detection of Li plating. 

• Coupled electrochemical measurements with simultaneous measurements of 

pressure/expansion gives an observation of a pressure decrease during the time window of the 

voltage plateau during OCV relaxation. 

3. Theory 
In this section, the theory behind the lithium-ion battery, ageing of LIB:s, and finally the theory of Li 

plating and detection of Li plating is presented. 

3.1. The lithium-ion battery 
The LIB is a secondary battery, i.e. it is rechargeable. The cell voltage is typically in a region around 4 

V. The electrode materials are typically porous composite materials, loaded the active materials; 

graphite on the negative electrode, and some porous transition metal oxide on the positive electrode. 

The porosity increases the total active area of each electrode, which enables higher power outputs and 

inputs. The electrolyte consists of a lithium salt, e.g. LiPF6, in an organic electrolyte, e.g. ethylene 

carbonate and ethyl methyl carbonate. [6] 

 
Figure 1. Illustration of intercalation. The grey circles represent the microstructure of a material, e.g. 

graphite. The dots between each “layer” represents intercalated particles. The green dots represents 

particles in a saturated set of galleries, while the black dots are members of non-saturated layer. [6] 

The technology implements intercalation reactions of lithium at both the negative and positive electrode 

to reversibly convert chemical energy into electrical energy. Intercalation is to “insert” an atom or 

molecule into the galleries of a microstructure. Due to the intercalation of Li into any of the active 

electrode materials, the bulk volume of each electrode swells. The phenomenon of intercalation is 

illustrated in fig. 1.Error! Reference source not found. [6] [7] 
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In this study, materials from a commercial graphite/NMC111 LIB cell were used. The materials in this 

commercial battery cell were Li0.5(Ni0.33Mn0.33Co0.33)O2 (LiNMC111) as the active cathode material and 

graphite as the active anode material. The separator consisted of three layers: 

polypropylene/polyethylene/polypropylene (PP/PE/PP). The half-cell reactions during discharge for this 

cell are presented as reactions (1) and (2). During charge, each reaction is reversed. 

Negative electrode reaction (anode at cell discharge): 

𝐿𝑖𝐶6 → 𝐿𝑖1−𝑥𝐶6 + 𝑥𝐿𝑖+ + 𝑥𝑒−    (1) 

Positive electrode reaction (cathode at cell discharge): 

𝑥𝐿𝑖+ + 𝑥𝑒− + 𝐿𝑖1−𝑥𝑁𝑖0.33𝑀𝑛0.33𝐶𝑜0.33𝑂2 → 𝐿𝑖𝑁𝑖0.33𝑀𝑛0.33𝐶𝑜0.33𝑂2  (2) 

Total cell reaction (during cell discharge): 

𝐿𝑖𝐶6 + 𝐿𝑖1−𝑥𝑁𝑖0.33𝑀𝑛0.33𝐶𝑜0.33𝑂2 → 𝐿𝑖1−𝑥𝐶6 + 𝐿𝑖𝑁𝑖0.33𝑀𝑛0.33𝐶𝑜0.33𝑂2  (3) 

 
Figure 2. Potential vs. capacity during the very first cycle of a graphite/NMC111 battery with an 

integrated Li/Li+ reference electrode. The current is 0.1 C1. The blue curve corresponds the potential 

of the graphite electrode (its y-axis is on the right, VCE), the red curve corresponds to the potential of 

the NMC111 electrode (left y-axis, VWE), and the black curve corresponds to the cell potential (left y-

axis, Vcell),  i.e. the difference between the blue curve and the red curve. The graph is retrieved from 

the experimental work by Buchberger et al. [8] 

In figure 2, the relation between the capacity of the cell and the electrode potentials versus a lithium foil 

metal reference electrode (Li/Li+ electrode) is shown. The half-cell reaction of the lithium foil reference 

electrode is presented in reaction (4), and it has a known standard electrode potential versus SHE2 of -

3.045 V. The applied current, during both discharging and charging, is 0.1C. Thus, the current is low 

enough to interpret figure 2 as close to open circuit conditions.. The OCP vs. capacity of reaction (1) is 

thus approximately the blue curve in figure 2, and the OCP vs. capacity of reaction (2) is approximately 

the red curve in figure 2. [8] [9] 

𝐿𝑖(𝑠) ⇌ 𝐿𝑖+ + 𝑒−      (4) 

 

 
1 1C corresponds to the current that fully charges/discharges a battery. 0.1C thereby corresponds to the current that fully 

charges/discharges a battery in 10 hours. Since it is based on the capacity of a battery, the value of any C-rate in Ampere varies 

between batteries. [6] 
2 SHE: Standard Hydrogen Electrode. A standardized reference electrode used to evaluate the potentials of electrodes under 

standard conditions. Standard conditions implies that the partial pressures of gasses are 1 atm, the molarity of solutes are 1 

mol/dm3, and the ambient temperature is 25°C. [9] 
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In figure 2, it can be noted that there is capacity difference between charging and discharging. This 

difference in capacity can be expressed as the coulombic efficiency (CE) of the cell, which is defined as 

the ratio between total charge put into the cell during charging and the total charge extracted from the 

cell during discharge (see equation (6)). [6] 

                CE =
∫ 𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑡𝑒𝑛𝑑,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑡0,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑑𝑡

∫ 𝐼𝑐ℎ𝑎𝑟𝑔𝑒

𝑡𝑒𝑛𝑑,𝑐ℎ𝑎𝑟𝑔𝑒

𝑡0,𝑐ℎ𝑎𝑟𝑔𝑒
𝑑𝑡

  (6) 

 

Figure 3. The relation between cell voltage and discharging current. [10] 

Figure 3 illustrates the relation between discharging current and cell voltage at one certain state of charge 

(SOC) of the battery. As can be seen, the operating cell voltage drops with increasing currents. The 

explanation for this behaviour is that at higher currents, the overpotentials within the cell increases due 

to electrode and electrolyte polarisations [9]. These overpotentials arises from different energy barriers 

that must be overcome in order to operate the battery, i.e. they consume a portion of the total energy 

released from the cell reaction, which then decreases the net amount of energy that can be extracted out 

of the battery during discharge. Hence, these overpotentials are subtracted from the OCV during 

discharge. 

During charging, these energy barriers must also be crossed over, but instead they add to the OCV, thus 

creating an operating voltage that is larger than the OCV Hence, a charging curve is pushed upward 

toward higher voltages. During battery discharge, the overpotentials are subtracted from the respective 

OCP. Hence, a discharge curve is pushed downward toward lower values [9] [10]. 

The different types of overpotentials presented in figure 3 are listed below: 

• The electrolyte has a certain ionic conductivity, which causes an overpotential via Ohm’s law. 

This is sometimes referred to as IR loss. [9] 

• The activation of each electrode reaction requires some energy, leading to a resistance. This is 

sometimes referred to as activation overpotential. [9] 

• The transport of chemical species is essential to allow for the electrode reactions to occur. 

However, the rate of transport is limited by the diffusivity of each specie. Hence, if the applied 

current corresponds to a flux that is higher than what the diffusivity allows for, a concentration 

gradient will build up towards the electrode surface. This gradient corresponds to a polarisation, 

i.e. overpotential, which is sometimes referred to as concentration polarisation. [9] 
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A side effect from overpotentials is heat release. The local heat flux at a point on the electrode produced 

by overpotentials can be expressed as Joule-heating by equation (5), where 𝑖 is the local current density, 

𝜂 is the overpotential and 𝑞𝐽 is the resulting heat flux. The heat release is distributed a long with the 

current distribution, which varies over the electrode surface due to e.g. inhomogeneities in the electrode 

material, potential gradients, cell design, concentration gradients, temperature gradients, etc. [11] 

𝑞𝐽 = 𝑖 ∙ 𝜂   (5) 

3.2. Ageing mechanisms in LIB:s 
In this section, a selection of the most relevant types of LIB ageing mechanisms are presented. Initially 

in this section, three ageing mechanism types that are related to Li plating are presented. The section is 

concluded in a larger sub-section about Li plating and how it relates to other ageing mechanisms. [12] 

Regarding electrochemical ageing mechanisms, the impact of overpotentials is great. During charging, 

local overpotentials are added to their corresponding local electrode surface equilibrium potentials, , 

causing the total local electrode potential to increase, thus thermodynamically allowing a greater number 

of possible side reactions to occur at that local point on the electrode surface, if the resulting local 

electrode potential becomes large enough to cross the activation energy barrier of these reactions. 

However, if the kinetics of these side reactions are slow, the resulting rate of reaction for each and one 

of them becomes low enough that their impact on the battery performance is negligible. Hence, it is 

possible to hinder the effect of side reactions by inhibiting their kinetics, e.g. by using additives. [7] [9] 

3.2.1. Reactions with electrolyte 
At the graphite electrode surface, lithium ions can participate in the reduction of the electrolyte solvents 

and form various metal-organic compounds, e.g. reduction of ethyl carbonate (EC) as presented in figure 

4. These compounds are deposited on the graphite electrode surface. This deposited layer is often 

referred to as the solid-electrolyte interphase (SEI). The compounds that makes up the SEI layer are e.g. 

Li2CO3, lithium alkyl carbonate, lithium alkyl oxide and salt moieties such as LiF if the electrolyte salt 

is LiPF6. It is possible that other compounds are present as well, depending on the exact content inside 

the battery, which might vary between each manufacturer. [7] 

The SEI is an isolating material, but is formed via an electrochemical-radical reaction. Hence, when the 

SEI layer becomes thick enough, the formation of more SEI substances stops. However, another 

consequence from the isolating property of the SEI layer is that most of the lithium that takes part in the 

SEI formation reactions is irreversibly lost electrochemically. By treating the electrolyte with certain 

additives that decrease the stability of the SEI film, the reversibility of the consumed lithium can be 

increased. In figure 4, two examples of possible reaction mechanisms for the electrochemical reaction 

between lithium ions and ethyl carbonate. [7] 

 

Figure 4. The reaction mechanisms as ethyl carbonate reacts electrochemically with lithium ions, 

following two different reaction paths. [7] 
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3.2.2. Gas evolution 
As can be seen in the reaction mechanisms in figure 4, the gas ethene, CH2=CH2, is a product in both 

mechanisms. This is thus an example of gas evolution reactions that can occur inside a LIB. Another 

example of a gas evolution reaction is the highly exothermic reaction between lithium and water which 

forms hydrogen gas, which can occur if moisture seeps into the cell. Gas evolution leads to an increased 

pressure inside the cell, and in most cases the gas is highly flammable since the gas often is a hydro 

carbon compound. The evolved gas can even be explosive, e.g. hydrogen gas is explosive. [7] 

Another type of side reaction which leads to gas evolution is the thermal decomposition of the lithium 

electrolyte salt LiPF6 (see reaction (7a)). One of the product from this reaction is PF5, which can then 

react further with e.g. Li2CO3 in the SEI layer, thereby forming CO2 gas (see reaction 7b). [7] 

𝐿𝑖𝑃𝐹6 ⇌ 𝐿𝑖𝐹 + 𝑃𝐹5     (7a) 

𝐿𝑖2𝐶𝑂3 + 𝑃𝐹5 → 𝑃𝑂𝐹 + 2𝐿𝑖𝐹 + 𝐶𝑂2    (7b) 

3.2.3. Mechanical degradation 
Swelling and shrinking during cell operation (both charging and discharging) corresponds to strain 

occurring within the materials of the cell, which is then mechanically transferred to all the mechanically 

connected parts of the cell. This can cause the materials of the cell to crack and/or delaminate from one 

another, decreasing electrical contact. A decreased contact will affect the current distribution, potentially 

leading to high local overpotentials and thereby induce other ageing effects for instance hazardous side 

reactions or thermal runaway. Another type of mechanical ageing is disintegration of the porous 

electrode structure and cell materials from vibrations during use. [13] [14] 

3.2.4. Lithium plating 
Lithium plating is when metallic lithium is electrochemically deposited onto a surface. Li plating is a 

cathodic reaction, i.e. lithium ions and electrons are reagents, and metallic lithium is the product, see 

reaction (8). 

𝐿𝑖+ + 𝑒−+⇌ 𝐿𝑖(𝑠)     (8) 

Plating on the graphite anodes of LIB:s occurs mainly during charging at high SOC, high charging 

currents or charging at low temperatures. The reason for this is that under such circumstances, the 

diffusive flux of lithium atoms in the galleries of the graphite microstructure is limited. The diffusive 

flux is governed by Fick’s law (see equation 8, where 𝑱 is the diffusive flux vector). The diffusivity (𝐷 

in equation 8) decreases with decreasing temperature, meaning that 𝑱 decreases along with it. The 

concentration gradient (∇𝐶) is lower with a higher bulk concentration (i.e. a higher SOC), leading to a 

decreased diffusive flux. The concentration gradient is illustrated in figure 5. [12] [15] 

𝑱 = −𝐷∇𝐶      (9) 

Thus, if the flux of lithium ions, which is proportional to the local current density [9], from the electrolyte 

to the graphite surface is greater than the diffusive flux inside the graphite microstructure, a polarisation 

across the surface of the graphite is established (i.e. the overpotential of the negative graphite electrode). 

During discharging, if plated lithium is present, the plating process is reversed into lithium stripping. 

The processes of Li plating and lithium stripping is illustrated by Petzl et al in figure 6. [12] [16] 
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Figure 5. An illustration of how the lithium concentration gradient at the graphite surface might look 

like. [12] [15] 

 

Figure 6. The plating/stripping process of lithium at different SOC:s. The illustration is designed by 

Petzl et al. [16] 

Hence, if one avoids high SOC:s, high currents and low temperatures, Li plating is avoided. However, 

by doing so, the window of operation will be decreased and will restrict the usability of the battery. A 

method to prevent Li plating at higher SOC:s, higher currents and/or lower temperatures would of course 

solve this problem and avoid a decreased operation window. There are projects on this topic going on 

around the world. E.g. Luo et. al. has investigated the use of high-polarity β-phase polyvinylidene 

difluoride to inhibit lithium dendrite formation, and shown it to successfully inhibit lithium dendrite 

formation. However, to just inhibit lithium dendrite formation is not the same as inhibiting Li plating, 

but it can increase the reversibility of Li plating, and thus decrease the impact that Li plating has on 

battery ageing. [17] 
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3.2.4.1. Reversible & irreversible plating 
Lithium can be deposited in two ways: reversibly and irreversibly. Reversible plating is when Li is first 

plated and then “returned” via intercalation into the graphite anode or returned as Li-ions into the 

electrolyte. Irreversible plating is when Li is electrically disconnected from the graphite, and is thereby 

unable to react with the electrode and exchange charge. This is sometimes referred to as “dead lithium”, 

and is practically lithium that is lost. Thus, this irreversibly lost lithium will result in a decreased 

coulombic efficiency, where the amount of dead Li can be observed as capacity loss. In figure 8, 

irreversible plating is illustrated as “dead Li”, and it is illustrated how the irreversibly plated Li is 

electrically disconnected from the graphite electrode. [16] [18] 

3.2.1.1.1. Morphologies of reversibly & irreversibly plated lithium 
The morphologies of plated lithium ranges from dendritic to homogeneous. Some morphologies are 

sometimes referred to as “mossy structures”, which is in between dendritic and homogeneous. More 

dendritic structures gives a larger surface area between the deposited metallic lithium and the electrolyte. 

An increased reactive surface area of lithium allows for more SEI compounds to form at a faster rate. 

As mentioned in section 3.2.1. Reactions with electrolyte, Li that is consumed in the formation of SEI 

compounds is mostly irreversibly lost. Furthermore, since lithium deposits in-between the SEI layer and 

the graphite electrode. This leads to the appearance of cracks in the SEI layer, which allows the 

electrolyte to make contact with the graphite anode and allow for more formation of SEI substances. 

The conclusion that is drawn is that the formation of dendrites leads to an increased capacity loss. [16] 

[18] 

Zhang [18] illustrated how dendrite formation after lithium dissolution can electrically isolate metallic 

lithium in a surrounding SEI layer, thus forming dead lithium. The process consists of two steps: the 

first step is that lithium is plated onto the substrate, e.g. the graphite anode in a LiNMC battery, and step 

two is lithium dissolution, which removes metallic lithium from the dendrite, thus making the dendrite 

so thin that the SEI layers on each side are fused and thus electrically isolates the metallic lithium from 

the substrate. The two processes of dendrite growth are illustrated by Zhang [18] in figure 7, where the 

two step-process of forming dead lithium is marked with a) and b). [18] 

 
Figure 7. Formation of dead lithium via encapsulation in SEI material during dendrite growth. In this 

illustration, the pathway to dead lithium is shown as the change from step a) to step b). In b) it can be 

seen how the yellow-marked SEI layer encapsulates metallic lithium, which is marked as “dead Li” in 

b). The illustration is designed by Zhang 2017. [18] 
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Furthermore, it could be argued that a dendritic structure has a lower mechanical stability, since a 

dendrite is kept together with fewer atoms compared to a solid, homogeneous layer. Hence, a dendritic 

structure should result in the formation of more dead lithium that is suspended in the electrolyte phase. 

Thus, reversibly plated lithium could be expected to have a more homogeneous/”mossy” structure, while 

irreversibly plated lithium could be expected to have a more dendritic/”spikey” structure. [18] 

Gireaud et al showed that increasing the applied pressure on the battery cell from 0.7 kg/cm2 to 7 kg/cm2 

leads to an increased coulombic efficiency from 60% to 90%. The explanation provided by Gireaud et 

al is that an increased pressure hinders dendrite growth which then in turn allows for a higher coulombic 

efficiency [19]. However, this increased coulombic efficiency was only shown for 11 cycles. Mussa et 

al showed that there exists an optimal pressure at 1.32 MPa that results in the least capacity fade during 

ageing. The experiments by Mussa et al were performed on a Graphite/NMC LIB, much similar to the 

battery setup planned for this study. [20] 

3.2.4.2. Ageing mechanisms and hazards related to Li plating 

 

Figure 8. An illustration of the ageing mechanisms associated with Li plating. The illustration is 

designed by Waldmann et al. [12] 

Figure 8 illustrates the different ageing mechanisms that are associated with Li plating on anodes in 

LIB:s. As illustrated in figure 8, plated lithium can react with the organic electrolyte, denoted “R” in 

figure 8, and form the SEI layer. The formation of the SEI layer can lead to pore clogging of the graphite 

anode, which consumes lithium and decreases the active surface area of the anode and thereby also the 

over-all performance of the cell. Plated lithium can also detach from the surface as dead lithium, leading 

to a capacity decrease, and also SEI formation. However, plated lithium can also intercalate into the 

graphite, and thereby maintain “available” in the desired electricity-producing cell reaction. [12] 

 

Figure 9. Illustration of failures and hazards associated with Li plating, together with scenarios at 

different hazard levels (HL). The illustration is designed by Waldmann et al. [12] 
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Figure 9 illustrates the failures and hazards associated with Li plating, and scenarios to different hazard 

levels. In figure 9, it is illustrated that the formation of SEI, denoted as combining Li + R, is an 

exothermic process, leading to a temperature increase. Furthermore, it is also illustrated in figure 11 that 

dendrite formation can lead to an internal short circuit, which in turn also leads to an increased 

temperature. An increased temperature can cause the SEI layer to decompose, resulting in gas evolution 

and a pressure increase, which is classified as an increased hazard level (HL2). Some batteries have a 

venting function that vents out gasses to depressurize the battery cell. However, this means that 

hazardous, e.g. toxic or flammable, gasses escapes. This is considered to correspond to even higher 

hazard levels: HL3 and HL4. In combination with elemental lithium, water, these flammable gasses and 

the increased temperature, and also an increased pressure if the battery is not vented, fire could break 

out, the battery could rupture, or it could even explode. This corresponds to hazard levels HL5 to HL7. 

[12] 

3.3. Methods for lithium plating detection 
There is quite a wide range of methods for detecting Li plating, using commercially available equipment. 

Waldmann et al summarized a list of methods/principles that can be used for detection of Li plating. 

This list is reproduced in table 1, together with the references collected by Waldmann et al. Regarding 

voltage curve analysis, its theory is described separately later on in this report, since those methods are 

within the scope of this study. [12] 

3.3.1. Summary of all detection methods 
Table 1. Methods and principles for detecting Li plating. Information and references are gathered by 

Waldmann et al. [12] 

Method/principle Limitation Scale References 

Low coloumbic efficiency High precision devices 

needed. 

Macroscopic, cell 

level 

[21] [22] 

Analysis of capacity 

fade/change of slope in 

Arrhenius plot 

Needs massive Li plating. Macroscopic, cell 

level 

[23] [24] 

Capacity recovery Only if the Li plating is 

partially reversible. 

Macroscopic, cell 

level 

[25] [26] 

Voltage plateau during 

discharge 

Needs low temperature, 

and area of Li plating 

must be large enough. 

Macroscopic, cell 

level 

[25] [26] 

Voltage plateau during 

rest after charging 

Needs low temperature, 

and area of Li plating 

must be large enough. 

Macroscopic, cell 

level 

[27] [28] [29] [5] 

Dilation, measurement of 

cell thickness 

increase/pressure increase 

Limited to pouch cells, 

needs low temperature, 

signal might be 

superpositioned with 

effects from gas 

evolution, needs massive 

Li plating. 

Macroscopic, cell 

level 

[4] [30] 

Early exothermic 

reactions in Accelerated 

Rate Calorimetry (ARC) 

tests 

Needs massive Li plating. Macroscopic, cell 

level 

[24] [31] [32] 

Fire during reaction with 

H2O 

Reactivity of Li depends 

on its microscopic 

Macroscopic, 

electrode level 

[25] 
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morphology and 

passivation. 

Melting point of Li, 

Differential Scanning 

Calorimetry (DSC) 

Melting point might be 

influenced by alloying. 

Macroscopic, 

electrode level 

[31] 

Dendritic structure Microscopic morphology 

of Li depends on pressure 

in cell. 

Microscopic, 

electrode level 

[29] [33] [34] [35] 

[36] [37] [38] 

Neutron diffraction, LiC6 

and LiC12 intensities 

Indirect evidence. Macroscopic, cell 

level 

[28] [39] 

Lithium Nuclear Magnetic 

Resonance (Li-NMR) 

Direct evidence. Microscopic, 

electrode level 

[34] [37] [40] [41] 

[42] [43] [44] 

Glow Discharge Optical 

Emission Spectroscopy 

(GD-OES) 

Semi-quantitative 

evidence. 

Macroscopic, 

electrode level 

[29] [33] [45] [46] 

X-ray Photoelectron 

Spectroscopy (XPS) 

Direct evidence, limited 

to surface particles. 

Microscopic, 

electrode level 

[47] 

 

3.3.2. Voltage curve analysis 
The voltage plateau can be observed in a potential versus time plot during relaxation (zero current, open 

circuit) after a charging step. It corresponds to the mixed potential scenario that occurs due to some of 

the deposited Li being intercalated into the graphite particles (see section 3.2.4.1. Reversible & 

irreversible plating). Hence, the voltage plateau can only be used for detection and measurement of 

reversibly plated Li. Simultaneously as Li(s) is being re-intercalated, other chemical reactions, (e.g. 

reactions between metallic lithium and the electrolyte, and physical events, e.g. concentration gradients 

decreasing, occur simultaneously to establish chemical equilibrium. [9] [12] 

Since lithium plating is a case of a mixed potential, the scenario could be interpreted as a case of galvanic 

corrosion. Thus, the kinetics of metallic lithium being intercalated into the graphite that it is plated onto 

can be estimated using Tafel equations and plot them in an Evans diagram Figure 12 illustrates how the 

Tafel lines of the half-cell reactions during intercalation of plated Li intersects, thus presenting the rate 

of intercalation and the potential of the graphite. The main challenge with implementing this approach 

is however that the potential of the graphite is dependent on SOC. As a current runs through the graphite 

electrode (e.g. the internal current of intercalation of plated Li), SOC changes. Hence, the Evans diagram 

will change with respect to the change in SOC. [9] [48] 
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Figure 10. Evans diagram illustrating the mixed potential scenario when metallic lithium is plated 

onto a graphite surface. [9] [12] 

By discharging a battery that has suffered from Li plating, the deposited lithium layer is also interfered 

with, since a discharging current will strip off some of the reversibly plated lithium and thereby affect 

the chemical equilibrium between the electrolyte, the electrode and the deposited lithium. However, this 

is dependent on metallic lithium still being present on the graphite surface. [9] [12] 

A challenge that voltage relaxation analysis methods faces is the effect of local lithium deposition and 

averaging effects. This means that the electrode area that is covered by the lithium deposition must be 

large enough to produce a mixed potential that is large enough to be detectable. Since the measurement 

is based on measuring the potential of the electrode including all phases that are in electrical contact 

with the electrode, irreversibly plated lithium cannot be detected with this method. Furthermore, local 

Li plating is more likely to cause lithium dendrite formation. Dendrites are in turn more prone to cause 

irreversible Li loss. Hence, a reasonable expectation is that local deposition causes a shorter plateau, if 

any plateau at all. [12] 

EIS measurements conducted by Schindler et al showed that the EIS spectrum is “shrunk” at the onset 

of the plateau. After 10 h relaxation, Schindler et al showed that the spectrum had almost fully returned 

to the initial state. Hence, it is possible to avoid excessive loss of active lithium by letting the cell rest 

for about half a day. [5] 

Also to be noted on is that the temperature of the cell must be low enough to slow down the reaction 

rate of the intercalation reaction of deposited lithium, in order to have a mixed potential that does not 

disappear immediately due to fast reaction rates. However, exactly how low it must be is yet unclear, 

and is investigated in this study. [12] 

3.3.2.1. OCV plateau depending on charging strategy 
An example of a voltage plateau after charging is illustrated by Schindler et al. in figure 11, where a 

constant current constant voltage (CCCV) charge step has been implemented. A CCCV charge step is 

often used as the charging protocol in BMS application due to simplicity and convenience [49]. The 

CV-step allows for reaching the desired cell voltage by letting the chemical equilibria settle within the 

cell. However, plating still occurs in some extent, leading to the possibility of observing the OCV plateau 
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during an OCV step after the CCCV charging process, which calls for new and better charging schemes 

that takes ageing mechanisms into deeper consideration. [5] [16] 

Schindler et al has shown that the initial SOC during charging affects the detectability of the plateau. A 

higher initial SOC does not give a clear mixed potential, and therefore, a plateau is not observed for 

higher initial SOC:s. The explanation provided for this is the decreased lithium concentration gradient 

between electrolyte and electrode at higher SOC:s. Thus, the driving force of intercalation is smaller, 

which gives rise to a weaker mixed potential behaviour, and thereby a less detectable voltage plateau. 

[5] 

Schindler et al also showed that the greater the change in state of charge (ΔSOC) during charge, the 

longer time it takes for the battery to recover. The explanation for this behaviour is simply that the 

amount of plated lithium increases with increasing ΔSOC, and hence, it will take a longer time to remove 

the plated lithium. It is remarked that a ΔSOC that is larger than the difference between initial SOC and 

100% corresponds to overcharging beyond maximum capacity estimated during a capacity test, and not 

necessarily to overcharging beyond the balancing of the cell. [5] 

 

Figure 11. Illustration of the CCCV charge step followed by the relaxation phase. The voltage plateau 

appears after the charge step. [5] 

3.3.3. Dilation & pressure increase 
During normal operation, the electrodes expands due to the intercalation processes and formation of SEI 

layers. The volume of plated lithium will however add to the volume of the graphite electrode since 

material is added on the surfaces of the graphite material. Thus, an excessive expansion or pressure 

increase should be observed if lithium is plated. However, there are other mechanisms that leads to cell 

expansion. For instance in the event of gas evolution, a sudden pressure increase would also be observed. 

Hence, a pressure increase does not provide evidence for Li plating. Furthermore, a large amount of 

lithium must be plated before any pressure increase is detected due to plating alone – according to 

literature. [12] Furthermore, since the plateau corresponds to the mixed potential of plated lithium being 

intercalated, the electrode volume might decrease during the time of the plateau presence. Hence, a 

pressure decrease might possibly be observed during a plateau phase 

The cell design also affects the observability of swelling. For instance, in prismatic cells, the electrodes 

are rolled up together in a so-called jelly roll and placed inside the housing, i.e. the cell can, but they do 

not have direct contact with the housing. Thereby, the materials of the cell have some space that allows 

for free expansion without forcing the housing to expand. Thus, measurements of swelling in prismatic 

cells is best performed from the inside of the cell. However, since it is desirable that the amount of active 
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material is maximised, to optimise the specific energy & power as well as the energy and power density 

of the cell, the available space inside a prismatic cell is quite restricted. Hence, it might be difficult to 

fit a sensor inside a prismatic cell. In pouch cells, the electrode material lies in direct contact with the 

housing, i.e. “the pouch”. Hence, swelling in pouch sells can be performed from the outside of the cell, 

e.g. by measuring the expansion force. [6] [12] 

3.3.4.  Coulombic efficiency 
Since some of the plated lithium is irreversibly lost, the coulombic efficiency (CE) decreases 

proportionally to the amount of irreversibly plated lithium via Faraday’s laws of electrolysis [9]. Hence, 

by measuring the CE, one should detect a decrease in CE after plating has occurred. However, to detect 

small amounts of plated lithium, extremely sensitive CE measurement instruments are required. [12] 

3.3.5. Capacity fade/Arrhenius plot 
Since plating occurs at lower temperatures, the rate of capacity loss – also referred to as the rate of 

ageing – increases with decreasing temperatures. On the contrary, other ageing mechanisms are faster 

at higher temperatures. This means that without the occurrence of Li plating, the plot of the ageing rate 

vs. temperature – also referred to as the Arrhenius plot – will be observed as a curve with a positive 

slope throughout the domain. If Li plating has occurred, the slope will instead have a V-shape, due to a 

change of ageing mechanism. However, this method needs massive amounts of lithium to be plated in 

order to obtain a signal of detection. [12] 

3.3.6. Capacity recovery 
Similarly to the method of using the coulombic efficiency decrease, one can measure the amount of 

recovered charge during rest time after battery cycling tests. This gives an indication on plating, since – 

as previously mentioned – Li plating naturally occurs both irreversibly and reversibly. Thus, the 

reversible behaviour allows for detection via measurement of capacity recovery. However, this method 

requires the lithium to actually be at least partially reversibly plated. If a too great majority is irreversibly 

plated, the capacity recovery might be too small to detect without using extremely sensitive instruments. 

[12] 
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3.3.7. Indirect detection via reactions with lithium 
By treating lithium deposits with isopropanol, one can quantify the amount of plated lithium via the 

detection of LiCO3, which forms when lithium and isopropanol reacts. However it does not give an 

evidence for lithium deposition, and it requires an ex situ process by disassembly. OsO4 allows for better 

contrast of lithium dendrites in SEM images of lithium deposits. SEM is possible to perform in situ, but 

not without an adapted cell design. These methods are also developed on lithium metal anodes, rather 

than on graphite anodes, and thus the reproducibility with graphite anodes is uncertain. [12] 

The reaction between water and lithium is highly exothermic and produces hydrogen gas, which can act 

as a “chemical fingerprint” for lithium. However, since the activity of lithium depends on its microscopic 

morphology, the reaction rate might differ. It could however still be argued that lithium is most probably 

the only alkali metal present in a LIB, and therefore, it is probably the only possible source for the 

evolution of hydrogen gas when applying water. However, this might be a risky assumption unless the 

exact material composition of the battery is known. [12] 

3.3.8. Early exothermic reactions during ARC 
At the event of Li plating, the “onset of self-heating”, i.e. the cell temperature that initiates exothermic 

reactions inside the cell, is detected at lower temperatures in the range 30-53 °C, during accelerated rate 

calorimetry (ARC). In fresh cells, the onset-of-self-heating is detected at higher temperatures above 80. 

The measurement is done by setting an initial temperature, wait for a short period, e.g. 15 min, and then 

search for any increased rate of self-heating. If no self-heating is detected, the cell temperature is 

increased, and the measurements are repeated. If one detects an increased rate of self-heating, the 

temperature of the cell is monitored until thermal runaway is reached. Re-intercalation of reversibly 

plated lithium can however increase the temperature of onset of self-heating, and thus make the position 

of the onset temperature of self-heating unclear. Furthermore, the method needs a massive amount of 

plated lithium to obtain a clear signal of detection. [12] 

3.3.8.1. Heat release during Li plating 
Downie et al showed that heat flow out of the cell increases right before the initiation of Li plating. 

During the event of Li plating, the heat flow decreases initially fast and eventually levels out 

asymptotically which can be seen in figure 6. During the period of lithium stripping from the deposited 

lithium layer, the heat flow continues to decrease at first, but eventually it increases quickly, followed 

by a rapid drop down close to zero (see figure 12). [50] 

It was expected by Downie et al that the heat flow during plating and stripping would be close to 

constant. The argument for this provided by Downie et al is that the change in entropy during plating 

and stripping can be expected to be constant. However, as can be seen in figure 7, the heat flow has a 

certain curvature during the plating and stripping processes. According to Downie et al, this curvature 

of the heat flow during plating and stripping is produced from overpotentials via joule heating and 

various side reactions. [50] 

It is argued by Downie et al that by implementing a sensitive thermometer during the charging of a 

battery, one should observe a decrease in 𝛿Δ𝑇 𝛿𝑡⁄ , i.e. the time derivative of the temperature difference 

versus some reference temperature e.g. the initial temperature of the cell at the start of the experiment, 

corresponding to this decrease in heat flow during the time window of plating. Furthermore, the resetting 

of chemical equilibrium during relaxation, i.e. the voltage plateau, might also give rise to some “thermal 

fingerprint”, since that process involves chemical reactions which naturally should give rise to some 

heat flow. 
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Figure 12. Heat flow during plating and stripping of lithium on a graphite surface. The values of heat 

are values of net heat flow. [50] 

            ∫ 𝑃 𝑑𝑡 = 𝑐𝑚Δ𝑇
𝑡𝑒𝑛𝑑

𝑡0
⇒ 𝑃 = 𝑐𝑚

𝑑Δ𝑇

𝑑𝑡
  (11) 

By interpolating estimated values from figure 12 and recalculating these values into values of 𝛿Δ𝑇 𝛿𝑡⁄  

using equation (11), a clear turning point can be observed at the time of onset (see figure 12). The result 

from this recalculation is presented in figure 13 below. [50] 

 

Figure 13. Recalculation of interpolated and estimated values from figure 12. At the time of plating 

onset given by Downie et al (see figure 12) a distinct turning point in 𝛿Δ𝑇 𝛿𝑡⁄  can be observed. [50] 

However, as can be seen in figure 13, the change in 𝛿Δ𝑇 𝛿𝑡⁄   is in an order of magnitude of µK per 

second, which calls for using extremely sensitive instruments, as pointed out by Downie et al. Hence, 

such a turning point is probably quite difficult to detect using e.g. a thermocouple or resistance 

temperature detectors (RTD:s), since this peak-like behaviour most probably will disappear into the 

background noise of those sensors due to their imprecision [51]. To clearly distinguish such a signal, 

more advanced techniques are required, e.g. recently developed ultrasonic methods [52]. 
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The result from Downie et al in figure 12 also shows that, the time it takes for the stripping process to 

take place is not as long as the plating process. One explanation for this is that some lithium is 

irreversibly lost as “dead lithium”. One could hence distinguish two types of Li plating processes: 

reversible and irreversible plating. This concept is described in the next section. [50] 

3.3.9.  7Li-NMR 
This method provides a direct evidence of Li plating and is performed ex situ by disassembly. For lithium 

metal, a peak at about 255 ppm is observed. A peak at 0 ppm corresponds to lithium inside the SEI 

deposit. 7Li-NMR can also distinguish the morphology of the plated lithium, where a peak at about 261 

ppm is said to correspond to a mossy structure, and a peak at about 270 ppm is said to correspond to 

dendritic structures. NMR equipment is very large, very expensive and very sensitive. It applies very 

string magnetic fields, and is thereby also potentially harmful for people with e.g. pace makers. [12] 

[53] 

3.3.10. X-ray photoelectron spectroscopy (XPS) 
XPS gives a fingerprint spectrum of each element that is present on a surface for a qualitative detection 

and a direct evidence of plated lithium. It is however limited to outer surface particles only and does 

thereby not allow for analysing the distribution of plated lithium on the inner surfaces of the graphite 

electrode. The method performed ex situ and requires the cell to thereby be disassembled. [12] 

3.3.11. GD-OES 
Glow discharge optical emission spectroscopy (GD-OES) measures the emitted atoms spectroscopically 

from a sample by sputtering the sample with Ar plasma. This gives a depth profile of the weight 

percentage of each element in the sample. When measuring the amount of plated lithium, it must be 

assumed that all lithium is converted into Li2O. Hence, this method is of a semi-quantitative character, 

since only the lithium that is converted into Li2O can be observed. However, it gives valuable data on 

the depth profile/distribution through an electrode. [12] 

3.3.12. Neutron diffraction 
Indirect evidence of Li plating via detection of changes of LiC6 and LiC12 peak intensities during rest 

time, which points towards the presence of reversible lithium on the graphite surface. This method can 

be implemented both in situ and ex situ. [12] 

4. Experimental - method & methodology 
In this section, the method & methodology of the experimental procedures are presented and discussed. 

The results are then presented and discussed in section 7 Results & discussion. 

4.1. Electrochemical cells 

4.1.1. Materials 
The electrode materials used in this project were NMC111 for the positive electrode and graphite for 

the negative electrode. These electrode materials are extracted from a commercial prismatic cell and are 

then used to construct smaller cells in the form of both PAT-cells by, EL-cell GmbH (fig. 14), and pouch 

cells in the case of in-situ pressure measurements. Smaller cells allows for better experimental control 

regarding temperature, uniform pressure, and the avoidance of geometrical effects. For the cell materials 

used in this study, the applied force onto the electrochemical cell inside the PAT-cell is homogenous 

and approximately 37N. [54] 

mailto:cbjorkma@kth.se
mailto:carl-johan.bjorkman@scania.com


CarlJohan Björkman, cbjorkma@kth.se, carl-johan.bjorkman@scania.com, Mobile: 0721 589 551 

M.Sc. Student, Chemical Engineering for Energy & Environment, KTH 

Master Thesis YTMN, Scania CV 

 

22 

 

The electrolyte used was 1 M LiPF6 in 1:1 ethylene carbonate: diethylene carbonate (Merck). PAT-cells 

where used in either 2 or 3 electrode configuration, in which case the reference electrode was a Li-metal 

ring electrode. The separator were either Whatman glassfiber or Celgard PE/PP/PE separator in the 

PAT-cells (see table 2), and Celgard PE/PP/PE separator in the pouch cells. In all cell types the 

electrodes had a diameter of 18 mm. 

Table 2. List of PAT-cells and their specifications. 

PAT-cell battery EC1V1 EC2V1 EC2V2 

Separator Glass fibre (El-cell 

GmbH) 

Glass fibre (El-cell 

GmbH) 

Polymeric (PP/PE/PP) 

Reference electrode Yes, Li foil Li/Li+ Yes, Li foil Li/Li+ No 

 

 

Figure 14. A cross-section image of the PAT-cell by EL-cell GmbH. [54] 

4.1.2. C-rate value and capacity tests 
To estimate the theoretical magnitude in Amperes [A] of 1 C of the batteries, the material data for the 

commercial cell used in this study was used in an electrode balancing algorithm. The capacity of the 

battery (i.e. the full cell) is the lowest electrode capacity (i.e. the limiting capacity). The value of 1C in 

[A] is the value of the battery capacity in ampere-hours [Ah]. 

Known values were (see equations (12) to (21)): 

• Total mass of active material on each electrode (𝑚𝑐 and 𝑚𝑎). 

• The specific capacity of each electrode (𝑞𝑐 and 𝑞𝑎). 

• The density of each electrode (𝜌𝑐 and 𝜌𝑎). 

• The thickness of active material on each electrode (ℎ𝑐 and ℎ𝑎). 

The calculation algorithms for each electrode: 

 Positive (NMC111)  Negative (Graphite) 
 

 
 𝑚𝑐 = 𝜌𝑐 ∙ 𝑉𝑐 (12) 𝑚𝑎 = 𝜌𝑎 ∙ 𝑉𝑎 (17) 

 𝑉𝑐 = ℎ𝑐 ∙ (
𝑑

2
)

2

𝜋 ⇒ (13) 𝑉𝑎 = ℎ𝑎 ∙ (
𝑑

2
)

2

𝜋 ⇒ (18) 

 ⇒ 𝑚𝑐 = 𝜌𝑐 ∙ ℎ𝑐 ∙ (
𝑑

2
)

2

𝜋 (14) ⇒ 𝑚𝑎 = 𝜌𝑎 ∙ ℎ𝑎 ∙ (
𝑑

2
)

2

𝜋 (19) 

 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦: 𝑄𝑐 = 𝑞𝑐 ∙ 𝑚𝑐 = (15) 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦: 𝑄𝑎 = 𝑞𝑎 ∙ 𝑚𝑎 = (20) 

 = 𝑞𝑐 ∙ 𝜌𝑐 ∙ ℎ𝑐 ∙ (
𝑑

2
)

2

𝜋 (16) = 𝑞𝑎 ∙ 𝜌𝑎 ∙ ℎ𝑎 ∙ (
𝑑

2
)

2

𝜋 (21) 

 ⇒ 𝐼1𝐶 =    

mailto:cbjorkma@kth.se
mailto:carl-johan.bjorkman@scania.com


CarlJohan Björkman, cbjorkma@kth.se, carl-johan.bjorkman@scania.com, Mobile: 0721 589 551 

M.Sc. Student, Chemical Engineering for Energy & Environment, KTH 

Master Thesis YTMN, Scania CV 

 

23 

 

Since the electrodes in pouch cells do not overlap with the same certainty as in EL-cells, the C-rate of 

each pouch cell is estimated with a capacity test. As an initial value of 1C (i.e. before the very first 

capacity test), the theoretical capacity from the cell material data is implemented. 

To obtain open circuit charge curves (OCV-curves), and thereby estimate the capacity of each cell, 

CCCV charging and discharging with C/10 with 3V and 4.15V as voltage limits were implemented with 

coulomb counting. The OCV-curve is then estimated by taking the average of the charge and discharge 

curve. The OCV-curves for each cell were then used to interpolate and extrapolate initial SOC:s at the 

beginning of each experiment. If one would count the coulombs, the initial charge would drift off with 

each experiments as an effect from coulombic efficiency. 

Thus, it can be argued that setting an initial SOC by interpolating the corresponding estimated OCV-

curve, at the beginning of each plating experiment is a more practical way of keeping track of the charge 

of the cell. However, this is based on the assumption that the change of the OCV-curve is negligible 

between each experiment, i.e. between each cycle. It can be argued that this assumption is valid over a 

few experiments. 

Over the course of several experiments, it is certain that the OCV-curve should be updated, due to the 

ageing mechanisms of Li plating. However, since the electrochemical performance of the cell is 

monitored during each experiments, it is probable that one will observe a sudden change in performance 

that will then tell when the moment is right to update the OCV-curve. Yet, it is remarked that this is an 

ambiguous part of the project. 

4.1.3. Cell conditioning 
Conditioning is performed to decrease the impact of SEI formation occurring during plating experiments 

(see section 3.2.1. Reactions with electrolyte) and thereby increase the similarity between each 

experiment. This is done by charging and discharging the cell with a C-rate of C/5, where the value of 

1C is obtained from the material data of the cell, using a CC-OCV charging schedule, i.e. C/5 CC 

charge/discharge followed by a 15 min OCV period. The voltage limits are set to be between 3V and 

4.15V. For PAT-cells, 3 cycles are run, to save time. For pouch cells, 4 cycles are implemented to further 

increase SEI stability, since the plating experiments with the pouch cells are more critical for the over-

all investigation and requires thus a higher accuracy 

4.1.4. Combined mechanical & electrochemical experiments 
. The swelling monitoring was done by fixating pouch cells into what is called a “pressure rig” and using 

a force sensor to measure the forces that arise during operation of the battery and to detect the onset of 

plating (see figures 16 to 20). Pouch cells CJ2, CJ5 and CJ6 were built using fresh electrode materials 

and a thin polymeric PP/PE/PP separator, while pouch cell CJX was built with a fresh polymeric 

PP/PE/PP separator, and electrode material from the used PAT-cells to form an unbalanced cell (see 

section 4.1.5.1.). 

Since the battery design differs between each pouch cell and the PAT-cells, the charging & discharging 

strategy was further refined for each pouch cell, using an iterative and agile approach. Hence the 

performance differs between pouch cells and PAT cells. However, from the PAT-cell results, the 

approach on how to set up the charging & discharging strategy properly was obtained. The resulted 

experimental setup cases are presented in table 4. 
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Table 3. Experimental setup cases for the pouch cell experiments. 

Case Cell ID Experimental 

1 CJ2 Choice of force sensor 

23°C 

Agile strategy 

2 CJ6 C-rate test CC charging 

23°C 

E_shutoff: 4.3V 

C-rates: 0.5C, 1C, 2C, 3C and 4C 

From 50% SOC 

3 CJ6 C-rate test CCCV charging 

23°C 

C-rates in CC-steps: 

0.5C, 1C, 2C, 3C and 4C 

CV steps: all 500 seconds 

4 CJ5 CCCV-charging 

10°C 

CC-step: 2C, E_shutoff: 4.4V 

8 cycles 

From 50% SOC 

5 CJX CC-charging 

10°C 

2C, 500 seconds 

Unbalanced cell 

4.1.4.1. Comparison with shifted electrodes 
To further evaluate the validity of the combined swelling and voltage plateau method, an experiment 

using an unbalanced cell, i.e. a cell where the electrode capacity curves are shifted, was conducted to 

investigate the electrochemical and mechanical behaviour during a run of cycle where plating has most 

probably occurred. Figure 22 illustrates the capacity of each electrode for both a balanced cell and a an 

unbalanced cell. [12] 

  

Figure 15. Left: generic example of electrode potential vs. charge for a cell in perfect balance. Right: 

generic example of electrode potential vs. charge for an unbalanced cell. The red curve in each graph 

represents a positive electrode, e.g. NMC111. The blue curve in each graph represents a negative 

electrode, e.g. graphite. 
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In figure 15, a generic case for a cell with electrodes that are out of balance is presented. To the left, the 

cell is in balance, i.e. if the positive electrode is discharged, there is room in the negative electrode. To 

the right, an unbalanced cell is presented, i.e. if the positive electrode of such a cell is discharged, the 

negative electrode will most certainly at some point reach charge saturation, and thus some other 

reaction must occur instead to house the electrons. Hence, for an NMC111-graphite LIB that is 

unbalanced as in the right graph in figure 15, the graphite electrode will reach saturation, thus most 

probably initiating Li plating. 

4.1.4.2. Force sensor setup 
In order to obtain clear readings of any expansion within the battery, it can be argued that the cell must 

be in full contact with the force sensors so that every expansive event within the cell is translated to a 

force and not in to free expansion. Free expansion corresponds to zero change in pressure, and is thereby 

undetectable with a force sensor. [55] 

The force sensors used for the swelling measurements are the Flexiforce A201 111N and the A201 4.4N, 

both by TekScan, Inc. The A201 is an easily implemented sensor with an operating range that is wide 

enough for this project. To record data from the sensors, the OEM development kit, by TekScan, Inc. is 

used. This board (see figure 20) enables to read raw data via USB, with a resolution of 255 data points 

in range, i.e. the digital output from the sensor is a discrete range from 0 to 255. However, to ensure 

accuracy during, timewise, long experiments the drift of the sensor should be compensated for. 

The drift is however given to be less than 5% logarithmically for the A201 sensor for a constant load. 

Since the load will be varying during the course of each experiment, the behaviour of the drift is hence 

unknown for the present experiments. Recalling the aim of the report, it is deemed to be of higher 

importance to understand the relation between the voltage plateau and the swelling response. Hence, the 

drift of the sensor is not compensated for, since the magnitude of swelling forces are initially uncertain. 

The repeatability is fragile to the distribution of the applied force, meaning that the force must be applied 

over the entire sensing area. To establish good repeatability, an adapter that focuses the forces from the 

18mm battery onto the sensing area of the sensor is designed. [56] 

The technical specifications of the Flexiforce A201 are presented in table 4. The typical accuracy & 

performance, is presented in table 5, together with the conditions used to evaluate each performance 

property. 

Table 4. Technical specifications of the TekScan Flexiforce A201 force sensor. [56] 

Thickness  

 

0.203 mm (0.008 in.) 

Length  

 

191 mm (7.5 in.)** (optional trimmed 

lengths:152 mm (6 in.), 102 mm (4 in.), 51 mm 

(2 in.)) 

Width  

 

14 mm (0.55 in.) 

Sensing Area  

 

9.53 mm (0.375 in.) diameter 

Connector  

 

3-pin Male Square Pin (center pin is inactive) 

Substrate  

 

Polyester 

Pin Spacing  

 

2.54 mm (0.1 in.) 
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Table 5. Accuracy & performance of the TekScan Flexiforce A201 force sensor. [56] 

 Typical Performance 

 

Evaluation Conditions 

 

Linearity (Error) 

 

< ±3% of full scale  Line drawn from 0 to 50% load 

Repeatability 

 

< ±2.5%  Conditioned sensor, 80% of full 

force applied 

Hysteresis 

 

< 4.5% of full scale Conditioned sensor, 80% of full 

force applied 

Drift 

 

< 5% per logarithmic time scale  Constant load of 111 N (25 lb) 

Response Time 

 

< 5μsec  Impact load, output recorded on 

oscilloscope 

Operating Temperature -40°C - 60°C (-40°F - 140°F)  Convection and conduction heat 

sources 

 
Figure 16. Drawing and dimensions of the pressure rig used for the swelling measurements. (1): 

Adapter between sensor and pouch cell. (2): pressure plate. 

 

Figure 17. Schematic of the pressure rig as assembled. (1): pressure plates (see (2) in figure 15). (2): 

Springs to tighten the lower nut (4), and allow for more precise setup. (3): washers. (4): M5 nut. (5): 

M5 insex bolt. 

In figures 16 and 17, the design of the pressure rig is presented. The dimensions of the pressure plates 

(marked as (2) in fig. 16) were set to fit a pouch cell between the bolts (marked as (5) in fig. 17, 6mm 

holes for the bolts shown in fig. 16). The adapter to transfer the swelling forces from the cell area to the 

sensing are of the A201 sensor (marked as (1) in fig. 15) were designed with two cylindrical parts along 

the same central axis; one with a diameter slightly smaller than the sensing area of the A201 sensor, and 

one with a 2mm larger diameter than the diameter of the cell. This design of the adapter was chosen to 

increase the chance of capturing the swelling events in the cell and transferring them over to the sensing 

area of the A201 sensor (see figure 18). 
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To enable a more precise setting of the distance between the pressure plates, nuts were placed on both 

sides of the upper pressure plates. Further below the nut below the upper pressure plate, a spring and a 

washer (marked as (2) and (3) respectively in fig. 17) were placed to brake the rotation of the lower nut. 

Thus, it was possible to set the height of the lower nuts individually without the risk of them rotating, 

thus maintaining the set distance. 

 

Figure 18. Illustration of how the adapter (marked as (2)) between the pouch cell (marked as (3)) and 

the sensing area of the A201 sensor (marked as (1)) is set up. The forces during swelling of the cell 

are transferred over to the sensing are of the force sensor. 

 

Figure 19. The bottom plate of the pressure rig with pouch cell and sensor. (1): TekScan Flexiforce 

A201 4N sensor. (2): Adapter between sensor and pouch cell. (3): Pouch cell. (4): Bottom pressure 

plate. The beige area of the sensor is the sensing area. 
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Figure 20. The complete setup placed inside the climate chamber. (1): TekScan OEM development kit. 

(2): fully assembled pressure rig, with both bottom and upper pressure plates. 

From the thesis work by Magnusson et al, it can be concluded that the force increase for the very 

prismatic cell from which the cell material is extracted, corresponds to about 50N for a cell that is 18mm 

in diameter [56]. However, this magnitude corresponds to the average pressure increase in a prismatic 

cell; the magnitude for a pouch cell might differ. Therefore, the reading from a sensor with a maximum 

force range of 111N was compared with the reading from a force sensor with a 4.4N range. After the 

comparison, the most suitable sensor was chosen (see figure 21). 

 

Figure 21. Comparison of sensors. The figure shows that the 4.4N sensor gives a higher resolution of 

the swelling events during operation of a pouch cell. 

In figure 21, two similar plating experiments with two different pouch cells are shown. As can be seen, 

the A201 4.4N sensor gives indeed a clearer resolution of the swelling events during cell operation, 

while the A201 111N sensor is not as sensitive. Therefore, the Tekscan Flexiforce A201 4.4N was 

chosen for the combined swelling and plating experiments on pouch cells. 
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After the cell was placed into the pressure rig, the A201 4.4N sensor was zeroed two times at two digital 

output values, i.e. raw data numbers, corresponding to an initial cell tension force of about 16N. The 

zeroing was done at 214 first and then at 212. The reason for the choice of this setup, was that a higher 

tension on the cell results in better mechanical contact, and in turn a better transfer of swelling forces, 

thus allowing for a better reading of the swelling events in the cell. The drawback is reproducibility 

between e.g. disassembly of the pressure rig. The reason for this uncertainty is that zeroing the sensor 

at a higher digital output level is difficult, since the A201 4.4N sensor is so sensitive that the digital 

output always fluctuates over about ±4 “digital outputs”. Hence, it was hard to accurately zero the sensor 

at exactly 214 and 212 respectively, resulting in an inaccurate calibration of the sensor. However, despite 

the exact value of zeroing, the sensor setup is still capable of resolving the swelling events of the cell 

with sufficient precision. 

 

Figure 22. Calibration curve for the A201 4.4N Flexiforce sensor. The red line corresponds to a 

linear expression that was fitted to the blue data points (see equation (22)) 

𝐹𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = 𝑘 ∙ 𝑋 + 𝑚     (22) 

In equation (14), 𝐹𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 is the force, in [N] that arises from the volume change of the cell, e.g. due to 

swelling. 𝑋 is the dimensionless digital output from the sensor setup (see fig .22). In table 5 below the 

goodness of the fit is presented, along with the resulting values of the two parameters 𝑘 and 𝑚. 

Table 5. Properties of the fitted expression in equation (22). 

Property Value 

𝑘 0.01132, conf. interval, 95%: (0.01132, 0.01133), unit: [N] 

𝑚 4.102, conf. interval, 95% (4.101, 4.104), unit: [N] 

𝑟2 0.9668 
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5. Results & discussion 

5.1. Voltage curve analysis with commercial cells 
During a fast charging project conducted at Scania CV AB, a number of commercial prismatic batteries 

were cycled between SOC20% and SOC80% at different charging C-rates. The discharging CC steps 

were all set to 1C. In some cases, plated Li was observed in a post-mortem analysis (see fig. 23). In this 

project, the discharge curves, i.e. cell voltage vs. time, were analysed to search for any voltage plateau, 

which according to literature might correspond to Li plating, just as the voltage plateau during OCV 

relaxation. [12] [5] 

 

Figure 23. Observed plating in a cycled cell. The cell was cycled for several months using a 3C CC 

charging step, followed by a 1C CC discharging step. 

In figure 23, what was thought to be metallic Li from Li plating, according to the people at Scania CV 

AB that conducted this project, can be observed. However, when analysing the voltage curves from the 

battery cycling of this battery, it is difficult to distinguish any voltage plateau in any the 1C CC 

discharging steps, which could be expected due to the possibility if Li stripping if Li plating occurs 

during a prior charging step. This observation argues hence that the voltage plateau might not be a 

reliable signal under all circumstances. 
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Figure 24. 1C discharging after 1C charging for a selection of cycles. 

 

Figure 25. 1C discharging after 3C charging for a selection of cycles. 

In fig. 24, only a slight plateau-like behaviour is observed for cycles up to at least cycle 912. From cycle 

1456 and later on, no plateau is observed. In fig. 25, a plateau is visible for cycles 30 and 81. These two 

plateaus are about 800 seconds long. Less distinguishable, 400 to 600 seconds long, plateaus can be seen 

for cycles 312 and 911. For cycles 1455 and 3247, no plateau is distinguishable (see fig. 25). 
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A possible explanation for this could be that during the early cycles, some Li plating occurs, forming 

deposits of electrically isolated material, due to the irreversible portion of Li plating. This affects the 

current distribution, causing high local overpotentials, initiating an increased presence of Li plating, 

which is observed as a large plateau at cycle 81. However, with every occurrence of Li plating, some Li 

is irreversibly lost. This results in a decreased actual SOC of the graphite, i.e. the concentration of Li in 

the graphite at the beginning of charging is low enough to avoid reaching Li saturation at the surface of 

the graphite. Hence, Li plating is avoided, and no plateau is observed. [12] 

The plateau is clearly present after 3C CC charging in fig. 25, which corresponds to a cell in which Li 

plating had occurred, but its presence is questionable in the discharge curves after 1C charging (see fig. 

24), which corresponds to a decreased probability of Li plating [12]. Hence, the validity of the 

correlation between Li plating and an observed voltage plateau is arguably high. 

5.2. Simulation in COMSOL 
The purpose of the COMSOL simulation is to provide an estimation of the surface potential of the 

graphite electrode during similar charging circumstances as in the C-rate test presented in figure 29. 

Thereby, another tool for understanding the probability of plating is obtained. To mimic the experiment 

for figure 29, the temperature for the simulations are set to 23°C, the initial SOC of the cell is set to 

50%, and C-rates 0.5C, 1C, 2C and 3C are put in as a parametric sweep in the COMSOL model. The 

results from the COMSOL simulation are later presented in figures 30 and 31. 

The materials implemented into the COMSOL model are graphite as the negative electrode material, 

NMC111 as the positive electrode material, aluminium as the positive current collector, copper as the 

negative current collector, and LiPF6 in 1:1 EC:DEC as the liquid electrolyte. This material input is 

similar to the actual battery cells used in the experiments of this thesis project. 

The time-dependent COMSOL model is built using the pre-made Li-ion battery module by COMSOL 

ltd, in 1D. The relative tolerance for each time step is set to 1 ∙ 10−6. It implements a Butler-Volmer 

based equation system (see equations (12) and (13)) to describe the kinetics of the intercalation and 

deintercalation reactions (see reactions (1) and (2)) that occurs at the respective electrode. In equation 

(12), 𝑖𝑙𝑜𝑐 is the current density of the charge-transfer reactions at the corresponding electrode, i.e. the 

half-cell reaction of the electrode, 𝛼𝑎 and 𝛼𝑐 are the anodic respectively the cathodic charge-transfer 

coefficients of the corresponding half-cell reaction, 𝐹 is the Faraday constant, 𝑇 the ambient 

temperature, and 𝑅 is the ideal gas constant. 𝑖0 in both equation (12) and equation (12) is the exchange 

current density, which is calculated via equation (12). In equation (13), 𝑘𝑐 and 𝑘𝑎 are the reaction rate 

coefficients for the respective anodic and cathodic direction of the corresponding half-cell reaction, 

𝑐𝑠,𝑚𝑎𝑥 is the maximum concentration of the active specie in the solid phase, 𝑐𝑠 is the actual concentration 

of the active specie in the solid phase, 𝑐𝑙 is the active specie concentration in the electrolyte, and 𝑐𝑙,𝑟𝑒𝑓 

is the reference concentration in the electrolyte. 

𝑖𝑙𝑜𝑐 = 𝑖0 (𝑒
𝛼𝑎𝐹𝜂

𝑅𝑇 − 𝑒−
𝛼𝑐𝐹𝜂

𝑅𝑇
 )     (12) 

𝑖0 = 𝐹(𝑘𝑐)𝛼𝑎(𝑘𝑎)𝛼𝑐(𝑐𝑠,𝑚𝑎𝑥 − 𝑐𝑠)
𝛼𝑎(𝑐𝑠)𝛼𝑐 (

𝑐𝑙

𝑐𝑙,𝑟𝑒𝑓
)

𝛼𝑎

    (13) 

The respective overpotential 𝜂 of the intercalation/deintercalation reactions are presented in equation 

(14), where 𝜙𝑙 is the electrolyte potential, 𝜙𝑠 is the potential of the solid phase, and 𝐸𝑒𝑞 is the equilibrium 

potential of the electrode reaction. 𝐸𝑒𝑞 is interpolated in a table of in-house experimental data, via the 

SOC of the respective electrode. Data on the other properties of the materials, e.g. diffusivities of species 

and conductivities, are obtained from the COMSOL materials data library. 
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𝜂 = 𝜙𝑠 − 𝜙𝑙 − 𝐸𝑒𝑞     (14) 

 

Figure 26. Comparison of the calculated OCV capacity curve in COMSOL and experimentally 

obtained OCV capacity curves of the same cell as was programmed into COMSOL. 

In figure 14, a comparison between experimentally based OCV capacity curves for NMC111/graphite 

cells and the OCV capacity curve calculated in COMSOL is presented. As can be observed, in the region 

between 50% and 100% SOC, the curves lie close together, while at around 0% SOC, the COMSOL 

curve deviates more from the experimental curves. 

5.3. Electrochemical detection of Li plating in PAT-cells 

5.3.1. Conditioning and capacity tests 
Figures 27 and 28 shows the conditioning and initial capacity test respectively, of the PAT-cells used in 

this study. In figure 27, it can be observed that the difference between the first two cycles of each cell is 

much larger than between the final two cycles. Hence, each cell can be deemed to have formed a stable 

SEI layer. In figure 28, it can be seen that the capacity of the cells are quite similar, with only a slight 

variance between the cells. In conclusion, the cells are hence similar in performance, since the 

conditioning and capacity test of each cell results in similar curves. Thus, the repeatability between the 

cells should be good enough to allow for reasonable comparison of the results of different PAT-cells. 

Since the unbalanced cell, CJX, was built using used PAT-cell electrode materials, no conditioning was 

needed, since the electrode materials were already used in the initial PAT-cell experiments. 
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Figure 27. Formation of each PAT-cell. Each cell is charged and discharged three times using a CC 

charging scheme with a an estimated C-rate of C/5. 
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Figure 28. Capacity estimations of each PAT-cell. 
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5.3.2. OCV plateau after CC charging 
The voltage plateau is visible at shut-off voltages above 4.2V. Observability of the voltage plateau 

increases with increasing charging currents. However, the visibility of the plateau does not increase with 

increasing final SOC and ΔSOC during the CC charging step. 

In figure 29 it can be observed that the plateau emerges with increasing charging currents. The OCV 

plateau is first observed at 3C, and the OCV plateau is longer after 4C charging. An explanation for such 

a behaviour is that the onset of plating occurs earlier at higher charging currents, due to the permeability 

of Li in graphite being fixed, leading to an earlier Li saturation of the graphite surface at higher charging 

currents. An earlier plating onset leads thus to a longer time of plating, which via Faraday’s law of 

electrolysis corresponds to a larger amount of plating. Assuming that the ratio between reversibly and 

irreversibly plated Li is not changed remarkably, this would in turn correspond to a larger amount of 

reversibly plated Li and thus in a longer OCV plateau, since it is arguably reasonable that it takes longer 

time to intercalate a larger amount of reversibly plated Li. [9] 

In figure 30, the CC-steps at different C-rates, prior to the OCV relaxation phases shown in figure 29, 

are presented. In the CC steps, the only noticeable change between each C-rate is the slope/scaling of 

the voltage vs. time charging curve. Since voltage plateaus were observed for the higher C-rates, and 

the voltage plateau have been reported to indeed correspond to reversible Li plating, and thereby an 

initial combined irreversible and reversible Li plating, the chemical processes and dynamics during 

charging should be different at higher C-rates. Thus, the kinetics, and thereby the polarisation, should 

be different at higher C-rates, leading to a non-linear difference between the charging curves. However, 

this is not observed, which might be explained by averaging effect, i.e. the effect of the change in kinetics 

is too small to be detected. [9] 

  

Figure 29. The OCV relaxation step after CC charging at C-rates of 0.5C, 1C, 2C, 3C and 4C. The 

ambient temperature is 23 °C. The figure shows how the voltage relaxation plateau increases in size 

with increasing C-rate during the CC charging step. 
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Figure 30. Cell voltage over time during the CC-charging at C-rates of 0.5C, 1C, 2C, 3C and 4C 

steps prior to the OCV relaxation step. The ambient temperature is 23 °C. Comparison between 

experimental data from EC2V2 C-rate (fig. 29) and COMSOL results. 

As can be seen in fig. 30, the COMSOL results deviates from the PAT-cell results with cell EC2V2. 

However, for a rough estimation of the graphite surface potential, it can be argued that the curves fit 

satisfactory. 

 

Figure 31. COMSOL simulation results. Estimation of the graphite electrode potential at along the 

width of the electrode thickness. 
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In fig. 31 it can be observed that only for a 3C CC charging current, the graphite electrode potential is 

less than 0V. Recalling fig. 29, it can be observed that an OCV plateau is only detectable for 3C and 4C. 

Hence, the COMSOL simulation results are in agreement with the experimental results. In conclusion, 

this corroborates the reliability of the OCV plateau as a signal for Li detection, since it occurs during 

circumstances that correspond to high probability of Li plating. 

 
Figure 32. SOC during the OCV relaxation steps (see figure 23) vs. the change in SOC during the CC 

charging step. 

In figure 32, it can be observed that the SOC during OCV after charging need not be 100% to observe a 

plateau. On the contrary, it was the lowest SOC and ΔSOC that gave the largest and most easily observed 

plateaus in each set of plating cycle. This indicates that it is indeed a balance of mass transport away 

from the graphite surface inside the graphite and to the graphite surface from the bulk, rather than the 

bulk concentration inside a graphite particle that governs Li plating on graphite electrodes. 
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Figure 33. Comparison of different shut-off voltages for cells EC1V1 and EC2V2, during 3C CC 

charging. The size of the plateau increases with increasing shut-off voltage for EC2V2, however there 

is also some variation between the cells and number of cycles. The voltage plateau at 4.3V shut-off 

voltage for EC1V1 at cycle 6 is much more faint than for the plateau at 4.3V shut-off voltage for 

EC2V2 at cycle 32. 

An explanation for an increasing plateau size with increasing shut-off voltage (see fig. 33) is that the 

amount of charge passed through the cell for a 4.6V shut-off voltage is larger than when setting e.g. 

4.3V as a shut-off voltage. Thus it takes a longer time to reach the shut-off voltage, which via Faraday’s 

law results in more charge being put into the cell, allowing for Li saturation of the graphite surface. 

Hence, it is plausible that with an increased amount of charge, an increased amount of plated lithium 

follows, which in turn results in a larger voltage plateau during OCV relaxation after the charging 

process. This claim is however based upon the assumption that the ratio between the amount of 

reversibly plated lithium and irreversibly plated lithium remains constant, which is yet uncovered. 
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Figure 34. Comparison of charging cycle 22 and charging cycle 32. Both cycles are run using the 

same current, voltage-limits and temperature. The size of the plateau is larger for cycle 32 than for 

cycle 22, while the change in SOC during the CC charging step as well as the SOC during the OCV 

relaxation step are both lower in cycle 32. 

The detectability of the plateau also increased with the number of charging cycles run (see figure 34). 

A possible reason for this might be that as the cell is cycled, the graphite pores might clog due to e.g. 

SEI material deposition, causing high local current densities on the sides of these deposits and thereby 

high local overpotentials that might allow for Li plating [11]. Thus, ageing changes the circumstances 

within the cell. Hence, it is not unreasonable that ageing might inflict on the ratio between the amount 

of irreversibly plated lithium and reversibly plated lithium, and thereby the consistency of the voltage 

plateau’s size. 

5.3.2.1. 3-electrode measurements 
The 3-electrodde measurements in figures 35 and 36 shows the differences between OCV relaxation 

after 1.5C CC charging to a 4.2V shut-off voltage at -5°C, and OCV relaxation after 3C CC charging to 

a 4.6V shut-off voltage at 23°C. In figure 35, no voltage plateau is observed. However, in figure 36, two 

distinct plateaus (marked out as (2) and (3) respectively) are visible in the half-cell curve, whereas only 

one plateau is visible in the full-cell curve. One explanation for why there is no plateau observed in 

figure 35 is that the current is not large enough to cause the graphite particle surface concentration of Li 

to reach the critical level that initiates Li plating. Furthermore, the low temperature probably causes 

increased overpotentials due to slower kinetics, ionic conductivity and diffusivity of active species, 

which causes the cell to reach the shut-off voltage before the graphite surface concentration of Li reaches 

saturation. Hence, the amount of charge put through the cell is not large enough to cause an observed 

plateau. 

However, another explanation might be that lithium is in fact plated, but most of the lithium that is plated 

during the CC charging step is irreversibly lost, e.g. if the kinetics of the irreversible Li scavenging 

reactions are not decreased as much as the kinetics of metallic Li intercalation into graphite. In such a 
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case, the amount of reversibly plated lithium is hence not large enough to maintain the mixed potential, 

and the plateau signal is thus not distinguishable due to such averaging effects. 

Regarding the method used to obtain all curves, it should be remarked that each individual curve 

represents is done one at a time (see section 6. Method & methodology). Hence, the half-cell curves 

presented might not correlate with their respective full-cell curve. Thus, a possible reason for why two 

plateaus are visible in the half-cell curve while one plateau is visible in the full-cell curve (see fig. 36) 

is thus simply that the curves presented in fig. 36 do not correlate with one another. 

 

Figure 35. Graphs of voltage vs. time for both full-cell and half-cell. 1.5C CC charging battery cell 

ECV1 at -5 °C with a shut-off voltage set to 4.2V (cycle no. 4). No plateaus are observed, but the 

electrode potential is measured to drop below 0V vs. the Li/Li+ reference electrode. 

However, something that perhaps could cause two plateaus could possibly be that plating occurs to a 

plated thickness h1 on one half of the electrode, while plating occurs to a thickness of h2 at the other half 

of the electrode, where h1>h2. Thus, by assuming that the kinetics are homogeneously distributed over 

the entire electrode surface, the area where the plated layer is thicker will remain when the other area 

where the plated layer is thinner. Hence, the rate of intercalation of metallic lithium is initially higher 

when both areas are still covered in metallic lithium, thus creating a large plateau, while when only the 

other half remains, the plateau suddenly decreases due to the averaging effects that arises when the area 

of metallic lithium is smaller.  

Another explanation is that the first plateau in the half-cell curve in figure 30 (marked as (3) in fig. 36) 

corresponds to intercalation of reversibly plated lithium, while the second plateau (marked as (2) in fig. 

36) corresponds to equilibration of concentration gradients in the graphite particles (read further under 

section 8. Recommendations for future work). 
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Figure 36. Graphs of voltage vs. time for both full-cell and half-cell. EC1V1 23degC 3C CC charging 

at 23 °C, cycle number 5. (1): Voltage plateau full-cell. (2): Secondary voltage plateau, half-cell 

(graphite vs. Li/Li+). (3): Half-cell, primary plateau, coinciding with full-cell voltage plateau. (4): 

Voltage peak and relaxation during CC charging step, half-cell. 

5.3.2.2. Difference between separators 

 

Figure 37. Comparison between the performance of a cell with a glass fibre separator (with 

integrated Li reference electrode) and a cell with a thin polymeric separator (no reference electrode). 
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Comparing the cell with a glass fibre separator (fig. 37) and the cell with the polymeric separator, the 

total overpotential during charging is lower for the glass fibre separator for higher currents and larger 

for lower currents. During OCV relaxation, the voltage drop is smaller for the cell with a glass fibre 

separator at lower currents. However, it can be argued that these observed differences in performance 

between the cell using a polymeric separator and the cell using a glass fibre separator is close to 

neglectable. 

5.3.3. CCCV charging 
In the CCCV experiments, the current plateau during the CV step was observed, just as it was observed 

by Schindler et al. It was observed at -5 °C, 10 °C and 23 °C, which is higher than the temperatures 

tested by Schindler et al. It is however documented by Schindler et al to be uncertain whether the CV 

current plateau is correlated to the onset of Li plating. The results from the present study shows however 

the detectability of the CV current plateau with respect to both C-rate and temperature. The CV current 

plateau has been shown to have a higher detectability at higher currents at higher temperatures, i.e. one 

C-rate at a low temperature might not give a distinct CV current plateau at a higher temperature. [5] 

Assuming that the CV current plateau corresponds to Li platin, and recalling the issues of reaching shut-

off voltage during CC charging before Li saturation is reached at the graphite surface, it might be 

possible to reach saturation by adding a CV step that is stopped before the CV current plateau can be 

observed, thus possibly allowing for the observation of a voltage plateau during OCV relaxation. This 

strategy was later adopted in the experiments on pouch cells. 

Furthermore, if the CV current plateau does correlate with the process of Li plating, it can be concluded 

from the graphs that the kinetics of Li plating is faster at higher temperatures, since the length of the CV 

current plateau is longer at lower temperatures. Hence, it takes a longer time to move the same amount 

of charge a t lower temperatures compared to higher temperatures. [9] 

 

Figure 38. CV-step during CCCV charging at -5 °C (left) and following OCV relaxation step (right). 

A current plateau is observed in this CV-step after a 1.5C CC step. The current plateau lies at circa 

0.5 mA, 2000s after the beginning of the CV step. The length of the current plateau is about 1700s. No 

voltage plateau is observed in the OCV relaxation step. 
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Figure 39. CV step during CCCV charging at 10 °C (left) and following OCV relaxation step (right). 

A current plateau is observed in this CV-step after a 3C CC step. The plateau lies at 2 mA, 600s after 

the beginning of the CV step. The length of the current plateau is about 350s. No voltage plateau is 

observed in the OCV relaxation step. 

 

Figure 40. CV-step during CCCV charging at 23 °C C (left) and following OCV relaxation step 

(right). A current plateau is observed in this CV-step after a 5C CC step. The plateau lies at 4 mA, 

300s after the beginning of the CV step. The length of the current plateau is about 150s. No voltage 

plateau is observed in the OCV relaxation step. 
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5.4. Combined mechanical and electrochemical detection of 

Li plating 

5.4.1. Conditioning & initial capacities 

 

Figure 41. Conditioning of pouch cells CJ2, CJ5 and CJ6. 

In figure 41, the four initial cycles of pouch cells CJ2, CJ5 and CJ6 are presented. It can be observed 

that perfect equilibrium is not reached for CJ2 and CJ6. However, the results are deemed to be 

satisfactory for the present project, since other events during the plating experiments changes the 

properties of each battery anyway. 
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Figure 42. Initial capacity estimations of pouch cells CJ2, CJ5 and CJ6. 

In figure 42, it can be observed that the initial capacities of pouch cells CJ2, CJ5 and CJ6 varies about 

1 As between the pouch cells. By comparing fig. 42 with fig. 28, it can be observed that this variation is 

greater than between the PAT-cells. A possible explanation for this is the fact that the electrodes in 

pouch cells might not be as perfectly aligned geometrically as in PAT-cells, since PAT-cells are 

designed with a guiding cylindrical structure that guides the electrodes into place (see fig. 18). 
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5.4.2. Plating experiments 

 

 

Figure 43. CC charging C-rate test with pouch cell CJ6 at 23°C. Top: full overview of all cycles. 43b: 

zoomed in frame on the beginning of each OCV step in 43a. The ellipse (1) in the 43b marks a possible 

voltage plateau. The legend in 43a represents the curves in 43b as well. 

(a) 

(b) 
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Figure 44. CCCV charging C-rate test with pouch cell CJ6 at 23°C. 44a: full overview of all cycles. 

44b: zoomed in frame on the beginning of each OCV step (fig. 44b) and each prior CV step. In the 

bottom graph, it can be observed that a peak in swelling force occurs during the CV step after 4C CC 

charging, which is followed by a voltage plateau (magenta coloured curve). The legend in 44a 

represents the curves in 44b as well. 

 

(a) 

(b) 
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Comparing figures 43 and 44, it can be observed that a much larger voltage plateau is observed during 

OCV after 4C CCCV charging than during OCV after 4C CC charging. The observed plateau-like shape 

marked at (1) in fig. 43 is arguably even questionable whether it actually is a voltage plateau or not. 

Another remarkable difference is the swelling force peak in fig. 44, which has its maximum during the 

CV step. 

 

Figure 45. SOC vs. dSOC, comparison between CC and CCCV charging, of pouch cell CJ 6. The left 

graph corresponds to fig. 36. The right graph corresponds to fig. 37. 

In figure 45, it can be observed that CCCV-charging results in a higher SOC and SOC increment 

compared to CC-charging. Hence, the graphite surface concentration of Li risks reaching saturation with 

a higher probability with an added CV step. Furthermore, the length of the CV step was set to be short 

enough to avoid allowing any plated Li to intercalate before the beginning of the OCV phase. As can be 

observed in figure 44, this actually did result in an observed voltage plateau. 

 

Figure 46. Left: rate of change in force per charge during CC charging CJ6. Right: rate of change in 

force per charge during CCCV charging CJ6. 

In figure 46, it can be seen that for CCCV charging with a C-rate of 4C, a peak in 𝛿𝐹𝑠𝑤/𝛿𝑄 can be 

observed. This peak coincides with a following OCV plateau in fig. 44. The beginning and maximum 

of a similar peak can be observed for 3C CC-charging as well,. However, in fig. 44, no OCV plateau 

was observed after 3C CCCV charging. For CC-charging no distinct signal is observed. It can be argued 

that the signals corresponds to random events other than Li plating, since none of the curves have as 

high probability of corresponding to plating as for CCCV charging. The higher currents to the left in 

fig. 46 do not reach high SOC:s. and the lower currents are too low to give a higher chance of Li-plating. 
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Figure 47. Overcharging the unbalanced pouch cell CJX with 2C CC charging at 10°C. Left: (1) 

marks out a coinciding equilibration of both OCV and swelling force magnitude. Right: (1) marks out 

the swelling force maximum, which coincides with the beginning of the OCV step. 

In fig. 47, it can be observed that when the chance of Li plating is very high, e.g. if the cell is out of 

balance as in this case, the swelling force reaches a maximum at the stop of the charging phase. In a 

following OCV step, a voltage plateau is observed. This voltage plateau overlaps in time with a 

decreasing swelling force. As the OCV begins to equilibrate, so does the level of swelling force. 

In figure 48, a coinciding swelling peak and voltage plateau is observed for pouch cell CJ5, similarly as 

was observed for pouch cell CJX in fig. 47 and for CJ6 in fig. 45 It is thereby remarked that the swelling 

force peak has only been observed as coinciding with a clearly distinguishable voltage relaxation 

plateau. The difference observed is a shift in swelling force peak maximum, which lies further inward 

in the CV-step of the CCCV charging phase. To be noted however, to avoid saturating the sensor signal, 

i.e. exceeding 255 digital output, the CV step in the CCCV charging of CJX, the CV-step had to be 

aborted. Hence, if the CV-step in the charging of CJX had been continued, it might have given a similar 

swelling force peak during the CV step. Furthermore, similarly as in fig. 36, fig. 37 and fig. 39, the OCV 

and the swelling force equilibrates in a synchronized fashion. Hence, it can be argued that as lithium is 

plated, an observation of a swelling peak and a voltage plateau during OCV relaxation, which coincides 

in a fashion as can be observed in fig. 45, fig. 47 and fig. 48 is possible. In conclusion, it is thus possible 

to use combined swelling monitoring and OCV relaxation analysis as a method for Li plating detection 

with a pouch cell. 

The length of the voltage plateau in fig. 47 is much longer than each voltage plateau in fig. 48. Since the 

initial SOC of CJX in fig. 36 was close to 100%, thus weakening the driving force of the mass transport 

of Li inside the graphite of CJX, i.e. the concentration gradient. Hence, the rate of intercalation of plated 

Li in CJX is probably slower, which is arguably a probable reason for the longer voltage plateau 

observed in fig. 39. In conclusion, it is hence probably possible to correlate the length of the voltage 

plateau with the rate of intercalation of plated Li. Furthermore, if the ratio between the reversibly plated 

Li, i.e. the intercalating plated Li, and the irreversibly plated Li, one could also correlate the length of 

the plateau with both the amount of plated Li and irreversibly lost Li. This demands also understanding 

how this ratio depends on different charging current, SOC:s and temperature, since these three 

parameters controls the mass flux of Li inside graphite and thereby the intercalation of plated Li. [12] 
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Figure 48. 8 CCCV charging cycles of pouch cell CJ5 at 10°C. Each CCCV cycle consists of a 2C 

CC-step followed by a 500 second long CV-step, and finally a 3 hour long OCV step. 48a: overview of 

all cycles, where the ellipse marks the force peaks. 48b: zoom in vies on the time frame of the CV steps 

and the beginning of the OCV steps in 48a. 

(a) 

(b) 
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Figure 49. SOC vs. ∆SOC during the cycles in fig. 40. 

In figure 48, it can also be observed that both the size of the OCV plateau and the swelling force 

magnitude increases with each cycle. The force increases along arrow (1) and the plateau size increases 

along arrow (2) in fig. 48. This behaviour also coincides with an increased initial cell force magnitude 

for each cycle. To be remarked here, is the drift of the sensor, which was not compensated for, due to 

the uncertainty of the behaviour and value of the drift during operation under a varying force. The drift 

was reported to be logarithmical, but the observed increase of the initial force magnitude is seemingly 

linear, with a slope clearly greater than 5%. Hence, it is indeed probable that the initial swelling force 

magnitude increases with each cycle. 

A probable reason for such an accumulation of swelling is the irreversible part of Li plating. This 

irreversibly lost Li remains on the graphite surface, and is thus accumulated with each cycle, which then 

results in an accumulated swelling [12]. The irreversibly lost Li that remains on the electrode allows for 

a disturbed homogeneity of the current distribution, resulting in high local overpotentials [11]. This 

could be the explanation for the observed increase if both the OCV plateau and swelling force maximum 

for each cycle. 

To be noted regarding the detectability of the swelling peak and the voltage plateau is the SOC levels 

that correlates with a detectable signal in fig. 36 and fig. 49, which are all circa 1% above 100%, i.e. 

corresponding to seemingly overcharged levels. However, the commercial prismatic cell from which 

the electrode materials were extracted, is designed with an oversized graphite, and hence, the graphite 

electrode is in none of these cases actually overcharged. However, the SOC levels are still high enough 

that an arguably simpler approach might be to decrease the maximum SOC and thereby avoid Li plating 

rather than implementing a complex detection method. 
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Figure 50. Rate of change in force per cycle during CCCV cycling CJ5. 

In figure 50, it can be observed that a similar peak in 𝛿𝐹𝑠𝑤/𝛿𝑄, as in fig. 46 right occurs for cycles 8 to 

14, where a not as clear peak can questionably be observed for cycle 7. To be noted here is how the peak 

appears at lower charges with later cycles, which corresponds to larger OCV plateaus (see fig. 48). An 

explanation for this is that the onset of these peaks corresponds to the onset of Li plating, since if the 

onset occurs earlier, the Li plating reaction is given more time to plate more Li, vis Faraday’s law of 

electrolysis [9]. Thus, the force signal may be a signal that could detect the very beginning of the Li 

plating process, allowing for the BMS to avoid Li plating at the onset of Li plating. 

However, to be remarked is that the 𝛿𝐹𝑠𝑤/𝛿𝑄 curves in figures 46 and figure 50 are obtained using a 

two moving average filters across 501 data points each, out of about 80000 initial data points. In figures 

46 and 50, the endpoints, the first 250 and the last 250, of the smoothed data are not included in the 

plots. These endpoints are discarded since they are do not fit the length of the moving average filter, and 

are thereby not smoothed. Hence, to detect the onset of Li plating, a lot of data points are needed, both 

ahead and after the considered data point, i.e. ±250 points. The measurement frequency of these 

experiments were 5 points per second, and thus, 250 data points corresponds to 50 seconds of measuring. 

Hence, to implement this signal without the need of so many data points for detection and with a faster 

response time, the force sensor setup must be revised to reduce noise and disturbances, so that the trend 

of the swelling force can be tracked better. 
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5.4.3. Final capacities 

 

Figure 51. Capacity decrease of pouch cell CJ5. 

In figure 51, the capacity decrease of CJ5 after 14 plating attempts, is presented. The difference in 

capacity at 4.15V is 0.3 As. Since the plating results of pouch cell CJ5 showed voltage plateaus, and 

since the voltage plateau has a high probability of corresponding to Li plating in all cases, the plated Li 

has not resulted in an excessive amount of Li loss. Hence, it can be argued that there is a possibility that 

either the amount of plated Li is quite small, or the reversible part of the plated Li is greater than the 

irreversible part under the present circumstances. Since literature reports that the amount of plated Li 

must be large in order to observe a voltage plateau, it can thus be argued that the case is most probably 

the latter, i.e. 𝐿𝑖𝑟𝑒𝑣/𝐿𝑖𝑖𝑟𝑟𝑒𝑣 > 1. 

6. Reflection and future outlook 
Tests on cells with lower internal resistance can be done, so that the shut-off voltage does not need to 

be too high to guarantee a change in SOC that is large enough. Alternatively, the NMC111 material can 

be replaced by LiFePO4 (LFP). LFP materials have lower electrode potentials than NMC, and gives thus 

a lower cell potential. [58] This allows the overpotentials to be higher without pushing the shut-off 

voltage to extremes. 

Another interesting aspect is to transfer the experiments performed in this project to larger commercial 

cells. When doing so, one has to understand the differences between using large commercial cells and 

using smaller experimental cells with materials from the same commercial cells. One advantage of 

constructing smaller cells from extracted material is that one can construct several cells out of one cell, 

and thereby decrease the amount of used material, compared to using several of the larger prismatic cell. 
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A decreased amount of material corresponds to a decreased capacity, which in turn leads to a decreased 

ampere level for 1 C-rate. Thus, the needed current are much lower (about 1000 times lower for the cells 

used in this study), which makes the experiments on smaller safer. 

Furthermore, effects from current distribution are most probably decreased in a smaller cell, since a 

larger electrode surface allows for a greater range in inhomogeneity of the electrode materials. The size 

allows for a larger range in differences over the entire surface due to e.g. variations in production. Also, 

the electrode materials in a large prismatic cell are folded together with the separator, i.e. the jellyroll, 

effects from the folds are not present in PAT-cells and pouch cells, which decreases system complexity 

in PAT-cells and pouch cells. Lastly, when building new cells, one has obviously the ability to choose 

how to design the battery, e.g. if a reference electrode should be present or not, introduce specific flaws 

to investigate their effects, or select different materials e.g. separators. Hence, it is easy to implement an 

agile approach in terms of cell design. 

The disadvantage with constructing smaller cells are the differences between the prismatic cell and the 

pouch cells & PAT-cells. This leads to low reproducibility from the smaller cells to the larger prismatic 

cells. The contact resistance in the prismatic cell is minimised by using welded contacts, while contact 

in the smaller cells are achieved only by physical contact. This lead to an increased internal resistance 

in the smaller cells compared to the prismatic cell. The separators used in the pouch cells are not the 

same as the commercial separator from the prismatic cell, giving rise to dissimilar performance. As 

previously mentioned as an advantage, inhomogeneous effects and the fold effects are neither present 

in smaller cells, which further decreases reproducibility with larger cells. 

Regarding the OCV plateau, its sensitivity dependence in terms of e.g. temperature and pressure must 

be further investigated. Such an investigation is preferably performed on a cell design that is to be 

implemented in an electric or hybrid electric vehicle. The purpose of such an investigation would be to 

map the operational window of this Li plating detection method. 

The parameters needed for modelling needs to be quantified at all relevant circumstances. For instance, 

temperature and level of lithiation dependence of all parameters included in a model is necessary to 

predict the probability of plating at e.g. various SOC:s and temperatures. The chemical dynamics (i.e. 

all the reaction rate expressions) of the chemical system that plated lithium on graphite constitutes, must 

be determined and validated. 

The question of how the BMS model should adapt still remains. A recommendation is to conduct a 

capacity estimation as soon as possible after the detection of plating. However, capacity estimations 

takes time, and will thereby increase the downtime of the battery system. A suggestion to how the model 

should adapt is to decrease the limit of the surface concentration of Li (not decrease the max SOC), since 

it is the surface concentration that is critical. By staying further away from the critical limit, the risk of 

plating is decreased. However, this might decrease the operational window and thereby the feasibility 

of the battery system. 

Quantifying the relation between irreversibly and reversibly plated Li is also of importance for further 

validation of the present detection method. This is probably best done by using more advanced analysis 

method, for instance in-situ 7Li-NMR, together with dilation monitoring and electrochemical analysis. 

This calls for designing a new experimental cell that allows for such measurements to be implemented 

simultaneously with accurate results. 
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An actual implementation of the present combined swelling and voltage plateau method must also be 

determined and designed. For a prismatic cell with a jellyroll, one suggestion is to roll up the jellyroll 

with a thin force sensor inside, so that the force sensor becomes one of the layers of the jellyroll. This 

could possibly allow for mapping of the swelling events across the surface, but will add a lot of volume 

and weight compared to wrapping the jellyroll in a “pocket” made out of a force sensor film. 

Regardless of the choice of design, current distribution must be taken into account when making the 

choice. The placement of the force sensor must not hinder the current paths and cause high local current 

densities that initiates Li plating. [11] 

7. Conclusions 
The results from this project have shown that the OCV plateau is a feasible signal for detection of Li 

plating, since it has been observed during circumstances, which via analysis of data from a previous fast 

charging project and a COMSOL simulation, are arguably related to a high probability of Li plating. 

However, the sensitivity of the OCV plateau is yet uncovered and should therefore be investigated, 

The ratio between reversibly and irreversibly plated Li is yet undetermined. However, results has shown 

that an accumulation of cell pressure per cycle could possibly be related to the irreversible Li remaining 

on the electrode. Thus, swelling monitoring might allow for a quantification of the irreversibly plated 

Li. Comparing initial and final capacity, the OCV curves pointed towards the amount of reversibly 

plated Li being larger than the amount of irreversibly plated Li. 

The length of the OCV plateau has shown to increase with increasing probability of Li plating and 

probable increasing amount of plated Li. Hence, the length of the OCV plateau could possibly be used 

to quantify the reversibly plated Li. 

The combination of the plateau method and swelling monitoring is a possible signal for detection of Li 

plating for a cell with the design of a small pouch cell with circular electrodes. The swelling force signal 

is a peak maximum during CV charging which equilibrates simultaneously as the voltage plateau during 

OCV relaxation. Furthermore, by analysing 𝛿𝐹𝑠𝑤/𝛿𝑄 vs. charge, the onset of Li plating might be 

detected if a less noisy force setup is designed. The combination of signals is seemingly possible to use 

for both detecting Li plating as well as quantifying Li plating. However, the force signal was shown to 

have a higher detectability. Thus, only the force signal might be enough for detection of Li plating. 

Lastly, quantification of Li plating requires more knowledge on the kinetics of reversibly plated and 

irreversibly plated Li. The present results has pointed towards the amount of reversibly plated Li being 

larger than the amount of irreversibly plated Li. 
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Appendix 

A.  Circumstances for observed OCV plateaus 
OCV Plateau seen at: 

• 23°C: 

- 4.3V CC charging set to 3C and above 

- 4.4V and above, 2C CC charging and more 

• 10 °C 

- 4.4V and above, 2C and above 

When internal resistance is high e.g. at -5°C, no plateau was observed 

• SOC increment too low 

• Could be bypassed in pouch cells by adding a short CV step 
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