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fCIC EnergiGUNE, Parque Tecnológico de Álava, 01510 Miñano, Spain
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Metallic lithium deposition is a typical aging mechanism observed in lithium-ion cells at low temperature and/or at high charge rate.
Lithium dendrite growth not only leads to strong capacity fading, it also causes safety concerns such as short-circuits in the cell. In
applications such as electric vehicles, the use of lithium-ion batteries combines discharging, long rest time and charging phases. It
is foremost a matter of lifetime and safety from the perspective of the consumer or the investor.
This study presents the post-mortem analyses of commercial 16 Ah Graphite/NMC (Nickel Manganese Cobalt layered oxide) Li-ion
pouch cells. The cells were degraded by calendar aging at high temperature with or without periodic capacity tests. Unexpected
local depositions of metallic lithium were confirmed on graphite electrodes by Nuclear Magnetic Resonance (NMR). Biphenyl, a
monomer additive present in the liquid electrolyte, generates gas during its polymerization reaction occurring at high temperature
and at high state of charge. As a result, dry-out areas are present between the electrodes leading to high impedance regions and no
charge transfer between the electrodes. It is at the border of these areas that lithium metal is deposited.
© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
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Lithium-ion batteries have the particularity of addressing appli-
cations as diverse as mobile electronic devices, electric vehicles or
stationary applications of renewable energy. The use of rechargeable
electrochemical cells is first and foremost a question of autonomy,
lifetime and safety.1–3 So it is necessary to further increase the current
performance of lithium-ion batteries.

Deposition of metallic lithium or “lithium plating” is one of
the aging mechanisms that is limiting the lifetime of lithium-ion
batteries.4–20 In the literature, it is reported that the mechanism of
lithium deposition generally occurs during the charge at low temper-
atures and/or at high current-rates. The intercalation of lithium ions
into the structure of the negative electrode is in competition with the
deposition of metallic lithium on top of the Solid Electrolyte Inter-
phase (SEI). The morphology of the negative electrode, the porosity,
the conductivity of the electrolyte and the state of lithiation are param-
eters to be considered.8 This aging mechanism depends on intrinsic
criteria of the components of the cell (active material, electrodes and
electrolyte composition21–30) and extrinsic to the system (temperature
and charging current).

Contact between the deposited lithium and the electrolyte (above
the surface of the SEI) leads to the oxidation of lithium to form
species such as ROCO2Li, Li2CO3 or LiF.15 The deposited lithium
becomes isolated and electrochemically inactive and cannot partic-
ipate in the electrochemical process at the electrodes. The deposit
can grow in height from graphite particles and form dendrites which
can pass through the separator and cause short circuit. This phenom-
ena in combination to flammable solvents can produce an exothermic
reaction, leading to a violent destruction of the cell during thermal
runaway.31 This represents a considerable safety risk for the battery.
Sometimes, metallic lithium, although still active, can be electron-
ically disconnected from the electrode and is thus unusable (“dead
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lithium”).4,5,10,17 This lithium loss contributes to progressive and irre-
versible capacity fading.

Graphite is one of the most common negative electrodes and
presents plateaus of intercalation / deintercalation between 0.05 and
0.1 V vs. Li/Li+,32–35 while below 0 V vs Li/Li+ lithium metal forms.
The detection of metallic lithium deposition is possible by measuring
the potential of the negative electrode using a reference electrode.
Nevertheless, only post-mortem analyses can really confirm the pres-
ence of metallic lithium on the electrodes. Jalkanen et al.20 suggested
the presence of lithium deposition after cycling at high temperature.
Ghanbari et al.36 showed that metallic lithium can be observed us-
ing glow discharge optical emission spectroscopy (GD-OES) depth
profiling. As far as we know, there is no published results report-
ing lithium plating at high temperature operating conditions during
calendar aging.

This paper presents the relation between metallic lithium deposi-
tions and the stability of the electrolyte components in a commercial
Graphite/NMC Li-ion cell, observed rather unexpectedly at high tem-
perature and high state of charge conditions.

Post mortem analysis revealed the presence of localized Li metal
depositions on the surface of the graphite electrodes. The effects of
the liquid electrolyte components, and more particularly the biphenyl
additive, identified by Gas Chromatography – Mass Spectrometry
(GC-MS), are investigated. Biphenyl is a monomer additive in the
electrolyte used as a fire-retardant in lithium-ion batteries.9,25 Solid
state NMR is used to characterize areas presenting Li deposition. Coin
cells based on pristine electrodes are assembled to study the influence
of this aromatic compound in the electrolyte and to identify the relation
between the periodic check-ups and the metallic lithium deposition.

Experimental

In this study, we use commercial Li-ion pouch cells with a nominal
capacity of 16 Ah, an energy density of 146 Wh/kg, a mass of 406 g,
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and a voltage range of 2.7–4.2 V. These commercial 16 Ah Li-ion bat-
teries contain 23 bifacial and 2 single-facial positive electrodes and 24
bifacial negative electrodes. Graphite and Nickel Manganese Cobalt
oxide (Lix(Ni0.41Mn0.37Co0.22)O2.) are the negative and positive elec-
trodes, respectively. The separator is composed of polyethylene with
a porous PVDF-HFP coating layer. VDF is the amorphous part of
the polymer and can trap the electrolyte (increase of the ionic con-
ductivity of the separator) while HFP constitutes the crystalline part,
which provides a mechanical support (improvement of the mechanical
properties of the separator).

Cells are aged in calendar mode using 3 different states of charge
(SOC), namely SOC=50%, 90% and 100% and 4 different tempera-
tures, namely T=5◦C, 25◦C, 45◦C and 60◦C. In order to measure the
capacity of the cell, periodic check-ups are performed at 25◦C every
8 weeks for cells stored at 5◦C and 25◦C, every 6 weeks for cells stored
at 45◦C and every 4 weeks for cells stored at 60◦C. It is well known
that the calendar aging of Li-ion batteries is accelerated by high state
of charge and high temperature conditions during storage time.37,38

That is why we decided to manage the periodicity of the experimental
control tests, which consists in reducing the time between two check-
ups for more severe aging conditions in order to limit the decrease in
capacity between the two tests (and conversely for less severe aging
conditions). Electrochemical periodic check-up tests are performed
with a Digatron System according to the following protocol: residual
discharge performed at a rate of 1 C followed by charge/discharge
cycles performed at a rate of C/25 and then at rate of 1 C.

An additional cell was stored (T=60◦C, SOC=100%) without
any periodic electric check-up tests during 4 months. The duration
corresponds to time of storage of other cells aged at 60◦C. In this
case, a test of capacity is performed at low charge rate at 25◦C before
and after the 4 months of storage according to the following protocol:
residual discharge performed at a rate of C/25 until 2.7 V. After
a rest of 30 minutes, a charge is performed at rate of C/25 until
4.2 V followed by a last discharge at C/25 until 2.7 V. Here, the aim
is to measure the influence of intermediate check-ups on the aging.
The low charge of C/25 has been used instead of both rates of 1 C
and C/25, in order to observe the impact of the charge rate of 1 C
on the aging. A previous study with the same cell type showed that
charging at C/25 does not lead to negative anode potentials vs. Li/Li+

and therefore no Li deposition is expected.18

Standard electrochemical measurements are performed in order to
characterize cells before dismantling. Cells are discharged at a rate
of C/10 until 2.7 V is reached. The same discharge procedure is re-
peated after a rest of 5 minutes. This discharge procedure is performed
3 hours before the cell opening. Cell sizes are measured in order to
check for size variation and hint for gas generation. The pouch cells
are opened using a ceramic knife in an Argon-filled glove box for
safety reasons. Careful cuts are realized avoiding shortcuts between
electrodes to obtain reliable results. The electrode pairs in the middle
of the pouch cells are considered for analysis.

Lithium-7 nuclear magnetic resonance (NMR) technique is used
to detect metallic lithium on graphite electrodes.39,40 Solid-state MAS
NMR measurements were performed on a Brucker AVANCE DSX 200
MHz spectrometer (4.7 T, 7Li Larmor frequency ν0 = 77.78 MHz)
equipped with a 1.3 mm Bruker CPMAS probe head. The 7Li MAS
NMR spectra were recorded at different MAS spinning frequencies
in the range 36–60 kHz with either direct 7Li excitation or a rotor-
synchronized Hahn echo pulse sequence (90◦ - τ - 180◦ - τ – acq,
where τ = 1/νrot). Different repetition delays for transient accumula-
tion were tested in the range of 1 to 30 s in order to obtain quantitative
data. A 7Li 90◦-pulse width of 3 μs was used, corresponding to the
nucleus magnetization turn angle of about 75–80◦. High power proton
decoupling was also used but did not improve the quality of the spectra
since proton and lithium are not directly linked neither through bond
nor through space interactions. All spectra were acquired with room
temperature bearing air, corresponding to a sample temperature in the
range 50–70◦C. Aqueous LiCl solution was used as a chemical shift
reference set to 0 ppm. Inside a glove box different samples were col-
lected by scraping electrodes (previously washed twice with Dimethyl

carbonates (DMC)) on the base of visual observation. A sample of
lithium metal was recorded in order to measure its chemical shift
(265 ppm). For illustration of ionic lithium a sample of Li3PO4 was
also recorded.

GC-MS was performed on samples harvested from the electrolyte.
During the cell opening, a piece of separator was immersed in CH3CN
as a carrier solvent for at least 2 hours. The solution is then transported
to the GC-MS split/splitless injector without air exposure. We note that
the probability of some components of the electrolyte being quickly
volatilized during the opening of the cell under Argon atmosphere
is not negligible. The list of components identified from the fresh
electrolyte is consequently not exhaustive.

Coin cells are used to investigate the effect of the biphenyl additive
in the electrolyte. Two types of CR2032 coin cells with pristine NMC-
based electrode (cathode), pristine graphite-based electrode (anode)
and Celgard 2400 separator are assembled. The first coin cell is based
on 1:1:1: wt EC:DMC:EMC + 1 M LiPF6 electrolyte (LPX). The
second coin cell contains the same electrolyte (LPX) with additional
2wt% of biphenyl. Before aging, a formation cycle at 25◦C under
galvanostatic charge-discharge cycle (voltage range: 2.7–4.2 V) then
C/2 in CC-CV charge was performed. The CV mode starts when the
cell voltage reaches the maximum of 4.2 V and stops when the current
drops to C/50. Coin cells were stored at 45◦C at 100% of SOC for
25 days. The calendar phase includes a periodic electric check-up test
performed at 25◦C every 4 days.

Cyclic voltammetry measurements have been performed in order
to measure the voltage of the biphenyl polymerization at elevated
temperatures. Three additional coin-cells with pristine NMC-based
electrode (cathode), metal lithium based electrode (anode), Celgard
2400 separator and 1:1:1 wt EC:DMC:EMC + 1M LiPF6 electrolyte
with 2wt% of biphenyl are assembled. Cyclic measurements are per-
formed with a Biologic system between 3 and 5.2 V with a rate of
1 mV/s respectively at 25◦C, 35◦C and 45◦C. At the end, coin cells
were disassembled in an Argon-filled glove box for visual inspection
in a discharged state.

Results

Aging performance.—The evolution of the SOH of the 16 Ah
calendar aged commercial batteries is presented in Figure 1. These
measurements were performed within the MAT4BAT project. It can
be observed that the degradation of Graphite/NMC Li-ion batter-
ies in calendar aging mode is favored by high state of charge and
high temperature storage conditions. These results are consistent with

T=60°C

T=45°C

T=25°C

T=5°C

SOC =   50%
SOC =   90%

SOC = 100%

Figure 1. Evolution of the state of health of 16Ah commercial Li-ion cells
in calendar aging. The reference capacity is the discharged capacity measured
during periodic check-up tests at a rate of 1 C.
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Figure 2. Visual inspection of negative and positive electrodes and separators of commercial 16Ah Graphite/NMC pouch cells aged in calendar mode (SOC =
100%) with or without periodic electric tests. Metallic lithium depositions are found on the surface of graphite electrodes retrieved from cells stored at T=45◦C
and T=60◦C with check-up test periods.

previously reported results.41–44 For high temperatures, the strong dif-
ference observed between SOC=90% and SOC=100% in calendar
ageing of Graphite/NMC Li-ion cells has already been observed in
the literature. The influence of the SOC on the ageing is not linear with
the SOC. The main hypothesis is the influence of the corresponding
voltages.37,38 The cells aged at SOC=100% and at 5◦C, 25◦C, 45◦C
and 60◦C have been selected for further post-mortem analyses.

Post-Mortem Analysis of 16 Ah Pouch Cells

Visual inspection.—Visual inspection of aged components has
raised several interesting features as shown in Figure 2. The electrodes
and the separator are still wetted by the electrolyte at the moment of
dismantling, at any aging condition. Electrodes and separator aged in
the calendar condition at low temperature (T = 5◦C) present no visible
change. This is in accordance with the low capacity loss observed at
5◦C (see Figure 1).

For the cells stored at 25◦C, the separator presents a light brown
color on the side in contact with positive electrodes whereas there is
no notable visible change detected on the electrodes.

Harvested positive electrodes of cells stored at 45◦C present a
black color with circular gray stains. The separator presents a brown
color with white circular areas. Graphite electrodes present concen-
tric lithiated deposits which are symmetric to the circumference of
white zones found on the brown separators and gray stains found
on NMC electrodes. This symmetrical correlation between separator
white zones, stains on NMC electrodes on one side and circular lithi-
ated deposits on graphite on the other side is exposed in Figure 3.
Those lithiated deposits, insoluble with DMC or acetonitrile, can be
removed with friction and are very reactive with water. This is due to
the presence of metallic lithium as presented in the following section.

Inside of some of these concentric lithiated deposits, the graphite
appears to have a high lithiated state compared to the rest of the
surface. This indicates that lithium is no more exchangeable in those
areas where graphite particles remained lithiated despite the discharge
before dismantling. During storage those lithiated areas were certainly

strongly insulated by the contact with the driest white areas of the
separator.

Similar observations are confirmed on the cells aged in calendar
mode at higher temperature but are more pronounced for cells stored
at 60◦C with periodic check-up tests. In this cell, the graphite electrode
reveals an important concentration of Li metal deposition around the
symmetrical areas.

Additionally to the cells aged with periodic check-ups, a cell was
aged at 60◦C and SOC=100% without check-ups as detailed in the
Experimental section. The post mortem study reveals that the brown

Interface NMC / separator

Interface Graphite / separator

Figure 3. Calendar aging at T=45◦C and at SOC=100%. Dismantling at SOH
= 93% after 10 months of storage including periodic check-up tests. Symmet-
rical correlation between white zones on the separator and gray stains found
on NMC electrodes on one side, and circular lithiated deposits on graphite
electrodes on the other side.
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Figure 4. 7Li NMR analysis: Metallic lithium detection on graphite electrode after calendar aging (4 months of storage: T=60◦C and SOC=100%) including 6
periodic electric check-ups. Area A: area with lithiated deposits. Area B: area without lithiated deposits.

separator shows the same white symmetrical areas and the corre-
sponding gray stains observed on both positive and negative elec-
trodes. However, there are no presence of metallic lithium on graphite
electrodes. Both cells aged with or without periodic check-up tests
have been stored in the same condition (at 60◦C and at 100% of SOC;
during 4 months and until a SOH of 75% and 82% respectively). The
difference of SOH between the two cells can most likely be attributed
to the lithium loss caused by the intermediate check-up tests which
are leading to the metallic lithium deposits.

According to the literature, at least two explanations can be pro-
posed regarding the brown coloration found on the separator. It could
be due to either remaining lithiated graphite and/or linked to the ther-
mal and electrochemical degradation of LiPF6.45–46 Nagasubramanian
observed discoloration of the electrolyte containing LiPF6 and based
on solvents such as ethylene carbonate (EC) and ethyl methyl car-
bonate (EMC) at 60◦C while electrolyte containing LiN(SO2C2F5)2

showed very little discoloration even at 120◦C.45 Zhang et al. reported
that 1.2 M LiPF6 3:3:4 PC/EC/EMC electrolyte had changed its color
to brown after 2 weeks of storage at 60◦C.46 Similarly, a piece of
a fresh separator has been immersed in an electrolyte composed by
1M LiPF6 EC/EMC at 45◦C for one month. In this experiment, we
observed that the electrolyte became brown but the separator stayed
white. So, it can be concluded that the thermal decomposition of
LiPF6 is not sufficient to modify the color of the separator. Brown
color appears only when the separator is in contact with electrodes as
confirmed by visual inspection. Namely, the upper surface of separa-
tor not in contact with electrodes is still white. To go further in the
understanding of the emergence of the distinct brown coloration of
the separator, a piece of polyethylene in contact with lithiated graphite
electrode and another piece in contact with delithiated NMC electrode
were stored in an electrolyte composed by 1M LiPF6 EC/EMC during
one month at 45◦C. It was observed that only polyethylene in contact
with delithiated NMC has changed its color to brown. It is reasonable
to assume that white areas found in large amounts on brown separators
retrieved from cells aged at 45◦C and 60◦C have thus not been in close
contact with the NMC surface.

This contact disconnection is probably due to the progressive for-
mation of gas bubbles caused by the degradation of the electrolyte
inside the cell. Gas formation may be due to the electrolyte compo-
nents oxidation at the NMC electrode maintained at high potential

(calendar storage at SOC=100%) as reported in the literature.47,48

Jalkanen et al. suggested that gas formation is the reason for local Li
deposition after cycling at high temperature.20

Deposit analysis by lithium-7 nuclear magnetic resonance.—
Figure 4 illustrates7Li NMR measurements performed on graphite
electrode retrieved from the cell aged in calendar mode at 60◦C and
100% of SOC. Samples were chosen as followed: 1) In the region of
lithiated deposits (area A), only at the extreme surface of the electrode.
2) In the region of lithiated deposits (area A), in the thickness of the
electrode. 3) At the electrode surface in any region without lithiated
deposits (area B).

With a specific signal centered at 260 ppm, the 7Li NMR spectra
demonstrated the presence of metallic lithium only where lithiated
deposits could be picked out. This signal is visible both when the
material was collected by scraping the surface (area A) of the electrode
or by taking the thickness (area A) of the electrode. In the latter case
the intensity of the signal was lower because of dilution effects (see
Figure 4). According to the literature, the observed signal corresponds
to a clear signature of Li metal with this technique.40 This observation
is also in accordance with complementary GD-OES depth profiling
measurements of the electrodes from the same cell aged at 45◦C and
SOC = 100%. These results will be published in a future paper. For
the other spectrum, a signal at 0 ppm can be observed. This signal
is narrow when it corresponds to a sample scraped at the surface of
lithiated deposits (area A). However, if the sample is taken in the
thickness (area A) of lithiated deposits, a broad shoulder appears at
higher field in the range 0 to −100 ppm. Very interestingly, if the
sample is taken at the surface (area B) outside lithiated deposits only
the broad signal is observed. On one hand, taking into account the
NMR data reported in literature for 7Li, the signal at 0 ppm can
easily be assigned to lithium in diamagnetic compound complexes
with graphite derivatives for instance or diamagnetic inorganic salts.
On the other hand, the broad signal ranging from 0 to 100 ppm could
be assigned to paramagnetic inorganic compounds including Ni, Mn
Cr or Co. The fact that the signal remains broad even at high spinning
rate of the sample (50 kHz) and at moderated magnetic field (4.7 T)
is consistent with a large number of different compounds with rather
disordered structures leading to a complete loss in the resolution.
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Table I. Content (%) of additive per time of storage in function of the sum of all detected carbonates.

With periodic check-ups Without periodic check-up

Materials Fresh cal@25◦C cal@45◦C cal@60◦C

EMC + EC + other detected carbonates 100.00 100.00 100.00 100.00
VC 0.12 0.00 0.00 0.00
FEC 1.02 0.08 0.04 0.07

Biphenyl 12.28 1.34 0.64 2.55
1,3-PS 2.79 0.26 0.10 0.13

Content (%) of each component
With periodic check-ups Without periodic check-up

Type Component Fresh cal@25◦C cal@45◦C cal@60◦C
Solvents EMC 53.52 49.20 46.45 53.52

EC 32.53 32.53 32.53 21.66
Additives VC 0.10 0.00 0.00 0.00

FEC 0.88 0.62 0.34 0.21
Biphenyl 10.57 9.98 5.23 7.84
1,3-PS 2.40 1.95 0.84 0.40

Decomposition products DMC 0.00 0.00 0.28 0.29
DEC 0.00 0.00 1.14 0.88

2-methoxycarbonyloxyethyl methyl carbonate 0.00 0.00 0.06 0.00
2-ethoxycarbonyloxyethyl methyl carbonate 0.00 0.00 0.00 0.46

Gas and/or non detected material 0.00 5.73 13.13 14.74

Note that this broad signal is dominant for a spectrum of material
scrapped at the electrode surface, they could be formed by reaction
with degradation products for the positive electrode.

There is a low intensity peak corresponding to metallic lithium
(260 ppm) when the entire thickness area A is considered. Here, the
peak corresponding to lithium in oxidized form (at 0 ppm) is the sum
between the one observed with area A (scrapping surface) and the one
observed with area B (entire thickness).

Effect of biphenyl additive in the electrolyte.—Electrolyte anal-
ysis by Gas Chromatography – mass spectrometry.—Additionally to
analysis of electrode materials, the evolution of electrolyte compo-
nents during aging was followed by GC-MS. A quantitative analy-
ses of the electrolyte composition recovered from a fresh cell and
from cells respectively aged in calendar mode (SOC=100%) at
25◦C and 45◦C with intermediate electric check-up tests during stor-
age and at 60◦C without any periodic capacity test is presented in
Table I. Unfortunately, no GCMS has been performed for the age-
ing condition related to cell aged at T=60◦C and SOC=100% with
periodical check-ups. However, we can conclude from GCMS per-
formed from samples recovered from cells aged at 25◦C, 45◦C, and
60◦C (without intermediary check-ups). Original electrolyte compo-
nents of the commercial pouch cell can be identified from the fresh
electrolyte analysis as following: solvents (Ethyl Methyl Carbonate
(EMC) and Ethylene Carbonate (EC)) and many additives (Vinylene
carbonate (VC), Flueroethylene Carbonate (FEC), Biphenyl (BP) and
1,3-Propane Sultone (PS)).

The content of each additive in %, per time of storage, was calcu-
lated based on the sum of all detected carbonates. Other components
are identified as originating from electrolyte decomposition for cells
aged at 45◦C and at 60◦C: DMC, Diethyl Carbonate (DEC), ethyleneg-
lycol bis-(methyl carbonate) or 2-methoxycarbonyloxyethyl methyl
carbonate and 2-ethoxycarbonyloxyethyl methyl carbonate. DMC and
DEC are generated by the reduction of EMC solvent on lithiated
graphite surface.49,50 The presence of ethyleneglycol bis-(methyl car-
bonate) (EGMC) is caused by the reaction between lithium alkoxides
and EC.51 VC additive is totally consumed with aging, FEC and 1,3-PS
show lower concentrations.

Biphenyl concentration has decreased significantly at 45◦C and at
60◦C. The decrease seems to be more at 45◦C than at 60◦C. This could
be due to a shorter aging time and no periodic check up in the case
of the cell aged at 60◦C. Lithium plating is known to react with the

electrolyte. The decrease of other additives can also be correlated to
temperature.

There is a group of aromatic compounds such as biphenyl that
show no reversible electrochemical behavior but give overcharge pro-
tection effects.47 According to J. Garche et al., typical examples of
this shutdown type are biphenyl or cyclohexylbenzene that polymer-
ize on the cathode during overcharge and the liberated protons (H+)
migrate to the anode, generating hydrogen gas (H2).47 Biphenyl is
suitable for use as an overcharge protective additive.25,47,48,51–54 Zhang
et al. reported that electro-polymerization of biphenyl at the temper-
ature of 20 ± 5◦C occurs at the overcharge potential of 4.5–5.5V
to form a conductive organic layer on cathode surface.51 Mao et al.
reported the potential of polymerization of biphenyl at 4.7 V and
at 21◦C. Biphenyl polymerization generates gas increasing the inter-
nal cell pressure. This phenomenon enables to disconnect the cell
in case of overcharge.48 For example, the excessive gas pressure
would open the safety cap for certain cell designs.31,54,55 However,
up to our knowledge, the literature does not mention polymeriza-
tion of biphenyl at high temperature in a Graphite/NMC lithium-ion
system.

The decreasing in the biphenyl concentration results from its poly-
merization process. This leads to drying-out areas of the separator
visible in form of white stains which will be symmetrically impreg-
nated on the surface of both electrodes (Figure 2).

Post-mortem analysis of coin cells: electrolyte with and without
biphenyl as an additive.—To go further in this study, the effect of the
biphenyl additive in the electrolyte is investigated with CR2032 coin
cells based on pristine NMC and graphite electrodes and Celgard 2400
separator. Figure 5 shows the visual inspection of coin cell components
after the storage at 45◦C and at SOC=100% during 25 days with a
periodic check-up test every 4 days. Similar white zones are observed
in the case of coin cells containing biphenyl as an additive in the
electrolyte. Depositions of lithium metal are found on the graphite
electrodes originating from this cell. These circular depositions are
similar to those observed with the commercial 16 Ah pouch cells
(see Figure 2). It should be noted that the components recovered
from the coin cell without the biphenyl additive show no evidence of
degradation. Therefore, this result confirms that the reaction of the
biphenyl additive is the origin of the lithium deposition observed on
the graphite electrodes of the commercial 16 Ah C/NMC Li-ion cells
in calendar aging at 45◦C and 60◦C at SOC=100%.
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Electrolyte composi�on
Components

Comments
Pris�ne Graphite Celgard® 2400 Separator Pris�ne NMC

1:1:1: wt EC:DMC:EMC 
+ 1M LiPF6

No Lithium 
deposi�on

1:1:1: wt EC:DMC:EMC 
+ 1M LiPF6

+ 2%wt of Biphenyl 

Lithium 
deposi�on

Figure 5. Visual inspection of Graphite/
NMC coin cells components after calendar
aging (25 days of storage: T=45◦C and SOC
= 100%) including periodic electric check-up
tests every 4 days. Metallic lithium deposits
are found on graphite electrodes recovered
from coin cell that contains biphenyl.

Figure 6. Effects of the temperature increasing on biphenyl polymerization potentials. The second cycles show that the electrolyte is hindered by the polymer on
the NMC surface in the case of coin cells that contain biphenyl.
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Post-mortem analysis of coin cells: cyclic voltammetry.—As indi-
cated above, the effect of increasing temperature on biphenyl poly-
merization is not well understood. Cyclic voltammetry measurements
of four additional CR2032 coin cells based on pristine NMC elec-
trode, metal lithium electrode, and Celgard 2400 separator have been
performed in order to measure the polymerization potential of this aro-
matic component at elevated temperatures. Figure 6 highlights that the
polymerization of biphenyl occurs around 4.47 V vs Li/Li+ at 25◦C,
4.4 V vs. Li/Li+ at 35◦C and 4.27 V vs Li/Li+ at 45◦C.

The second peak at higher potential (with higher intensity) cor-
responds to the decomposition of electrolyte solvents. Nevertheless,
the polymerization starts at 3.8 V at 45◦C to reach a peak at around
4.3 V. In the case of commercial cells stored at 45◦C and 60◦C and at
SOC = 100%, biphenyl has certainly polymerized at potentials much
lower than 4.5 V vs. Li/Li+ (overcharge potential at 21◦C as suggested
by Mao et al.48) leading to the observed local lithium deposition on
graphite electrodes of the 16 Ah pouch cells.

We note that the cell voltage is equal to 4.2 V when it is stored at
100% of SOC. This means that the potential of NMC can reach 4.3
V vs. Li/Li+, triggering the polymerization of biphenyl at high tem-
perature. During the second cycle, the peak corresponding to solvent
decomposition is very weak and flattened for biphenyl containing coin
cells. The electrolyte oxidation must be hindered by the polymer on
the NMC surface.56

The two coin cells measured at 25◦C were disassembled for visual
inspection as illustrated in Figure 7. The NMC electrode and separator
of the coin cell without biphenyl does not show significant defects.

Electrolyte composi�on
Components

Pris�ne NMC Celgard® 2400 Separator

1:1:1: wt EC:DMC:EMC 
+ 1M LiPF6

1:1:1: wt EC:DMC:EMC 
+ 1M LiPF6

+ 2%wt of Biphenyl 

Figure 7. Visual inspection of Li metal/NMC coin cells components after two
cycles of cyclic voltammetry at 25◦C. The separator of the coin cell containing
biphenyl presents the same morphology than commercial cells separators aged
at 45◦C and 60◦C in calendar mode.

The coin cell containing biphenyl presents white areas on the NMC
electrode surface and its separator turned brown. It is noteworthy that
the brown coloration of the separator appears stronger in presence of
biphenyl. A complementary study is ongoing and will be the subject

Graphite

NMC

Separator

Graphite

Local lithium deposition

dried
area

Graphite

Graphite

C

B

A

Separator

Graphite

D

Seen from above Front view Visual inspec�on

Graphite

NMC

Separator

Graphite

Separator

Graphite

Graphite

NMC

dried
area

dried area

dried area

Graphite

Graphite

Graphite

NMC

Local lithium deposition

Local lithium deposition

Figure 8. Lithium plating development process in high temperature conditions with biphenyl-containing electrolyte in Graphite/NMC Li-ion cell. Step A: The
polymerization of Biphenyl during the storage at high temperature and at high state of charge leads to the production of gas bubbles and the decreasing of its
concentration in the electrolyte. White dried zones found on the separator, which has turned brown, symmetrically impregnate both electrodes surfaces. Step B: It
is in the border of these impregnated areas on graphite electrode that lithium metal is deposited during check-up tests due to the high local current density. Step C:
During the following storage periods, if the electrolyte degradation continues, these dried areas could expand and / or move inside the cell. Step D: Thus, during
each capacity test, new lithium depositions are formed. This explains the presence of several concentric metallic lithium depositions nearby.
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in a forthcoming publication. The same morphology was found on
commercial cells after calendar aging at high temperature (see Figure
2 and Figure 3). We suggest that at high temperature, biphenyl could
polymerize at lower voltages (without overcharge), leading to gas
formation, which generates local electrolyte depletion in the separator
that creates white zones.

Model of Local Li Metal Deposition at High Temperature

Figure 8 presents a scheme that explains the formation of local
lithium metal deposition in calendar aging at high temperature and
high state of charge. During the storage period at elevated temper-
ature (above ∼45◦C) and at high state of charge (at around 100%
of SOC), the potential of the positive electrode vs. Li/Li+ is at its
highest level. At this temperature, biphenyl additive can polymerize
and generate gas inside the cell. The progressive formation of gas
bubbles causes a contact disconnection between the electrodes and
the separator, especially in the areas where those bubbles are formed.
This creates insulated zones separating the two electrodes. Due the
“stacked” geometry of cells, these white dried zones on the separator
symmetrically impregnate both electrodes surfaces (Step A). These
dried zones are very resistive and then the current will be forced to
pass through the border of these latter regions. During the periodic
check-up test performed at 25◦C, metallic lithium is then deposited
on the border of these dried zones due to the local high current density
and the resulting local negative potential vs. Li/Li+ (Step B). If the
storage period at high temperature and high state of charge is pro-
longed then biphenyl polymerization may evolve over time, forming
larger dried zones (Step C) that will create additional metallic lithium
depositions at each check-up test (Step D). This explains the presence
of several concentric lithium depositions nearby. This explains also
the lower capacity of the cell with check-ups at 60◦C compared to the
cell without check-ups. In the calendar aging test without check-ups,
although the same white dried areas were observed on the separa-
tor and on the surface of the NMC electrode, absolutely no lithium
deposition was found on graphite electrode.

Conclusions

Unexpected localized metallic lithium depositions were found on
top of graphite electrodes of commercial 16 Ah Li-ion pouch cells
after calendar aging at high temperature and high state of charge. We
determined that the presence of the biphenyl additive contained in the
electrolyte in combination with periodic capacity tests are at the origin
of this degradation mechanism. Polymerization of biphenyl results in
the formation of a gas that can occur at 45◦C when the voltage of the
positive electrode reaches 4.27 V vs Li/Li+, corresponding to the cal-
endar aging conditions used in our work (45 and 60◦C; 100% SOC).
The polymerization reaction is irreversible and results in electrolyte-
free zones which are highly resistive to ion transport. During periodic
capacity tests, high current densities are generated at the circumfer-
ence of these zones leading to Lithium metal depositions. Even though
the lithium depositions do not lead to cell failure, it strongly reduces
the discharge capacity by lithium trapping and inactivation. This aging
protocol can be compared to the use of Li-ion cells in applications
such as electric vehicles with long rest time (calendar aging) and reg-
ular cycling phases (periodic capacity tests). It is therefore imperative
for the EV industry to perform similar protocols to test the battery in
‘real life’ operation.
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