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Temperature Dependence of Oxygen Release from
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Promising cathode materials for Li-ion batteries are layered transition metal oxides (LiNixMnyCozO2, NMC). Here, we will
investigate the temperature dependence of oxygen release from NMC622, caused by the transformation of the near-surface structure
from the layered to spinel and/or rock-salt structure. We will demonstrate that oxygen release is not a potential driven process but
occurs once ∼81% of the lithium ions are removed from the NMC structure. Consequently, the onset potential for oxygen release in
NMC-graphite cells decreases only by ∼60 mV from 4.42 V at 25◦C to 4.36 V at 50◦C, which is simply due to lower overpotentials
at higher temperature. The amount of evolved oxygen increases significantly with increasing temperature, indicating the formation
of thicker spinel/rock-salt surface layers. As the released oxygen causes chemical oxidation of the electrolyte, the amounts of CO2

and CO occurring simultaneously with O2 release also increase with temperature. Further experiments in NMC-Li cells as well as
with 13C-labelled ethylene carbonate (EC) electrolyte show that CO2 evolved prior to O2 release results from i) EC hydrolysis and
ii) electrolyte impurity oxidation. In agreement with the onset potentials for oxygen release, we will show that stable cycling of
NMC622-graphite full-cells is possible at the different temperatures up to ∼81% state-of-charge.
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Li-Ion batteries are used in essentially all portable electronic de-
vices like laptops and cell phones and more recently with the power-
trains of battery electric vehicles (BEVs). Yet, BEVs are still a niche
in the worldwide automotive market and an increase in their market
share requires significantly reduced costs and longer driving ranges.1

The latter necessitates materials with higher specific energies, with
target values of ∼750 mWh/g on a positive electrode (cathode) mate-
rial level.2,3 The bottleneck in today’s Li-ion batteries is the cathode
active material, with layered lithium nickel manganese cobalt oxide
(LiNixMnyCozO2, with x+y+z = 1; also referred to as NMC) and
in particular nickel-rich (Ni-rich) NMCs being the most promising
candidates.2,4 Even though the theoretical capacity of any NMC is as
high as ∼275 mAh/gNMC, not all of the lithium can be extracted due to
structural instabilities, e.g., phase transformations, occurring when an
exceedingly large fraction of lithium is removed.5–7 A larger fraction
of the Li-ions can be reversibly de-/intercalated within a constant volt-
age window as the nickel content of the NMC is increased.2 NMC622
with a Ni-content of 60% (x = 0.6, y = z = 0.2) is a promising cathode
material, as it delivers ∼12–16% higher capacities than state-of-the-
art NMC111 (x = y = z = 1/3)7,8 and at the same time possesses
better safety characteristics than the NMCs with higher nickel content
(i.e. x > 0.6).8,9

In a recent study, we showed that oxygen release occurs at room
temperature for NMC111, NMC622, and NMC811 (x = 0.8, y =

z = 0.1) by a phase transformation at the surface of the layered
NMC to spinel and rock-salt type phases.7 By quantifying the evolved
gas amounts we estimated the surface layer thickness to 7–15 nm.7

The release of reactive oxygen leads to electrolyte decomposition by
a chemical reaction of the released oxygen with the electrolyte,7,10

which at least in part was shown to be released as highly reactive
singlet oxygen.11 This chemical electrolyte oxidation occurs once the
onset potential for oxygen release is reached, which differs for dif-
ferent NMC compositions7,11 and generally occurs before significant
electrochemical electrolyte oxidation occurs.10 Additionally, the phase
transformation on the NMC particle surface leads to an impedance in-
crease and therefore poor cycling stability. In other words, to achieve a
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stable cycling performance, the upper cutoff voltage has to stay below
the onset potential for oxygen release. Such surface phase transfor-
mations were previously observed for NMC532,6 LiNi0.8Co0.2O2,12,13

LiNiO2,14 and NCA (LiNi0.80Co0.15Al0.05O2),15 albeit without the di-
rect detection of released oxygen. At temperatures ≥170◦C, this phase
transformation was shown to occur throughout the bulk of the mate-
rial, accompanied by the release of lattice oxygen.8,9,16–21 While these
temperatures are well above the operating temperature of Li-ion bat-
teries, they are important to evaluate the safety of a material in case
of a thermal runaway.

In this study, we will investigate the extent of oxygen release of
NMC622 within the temperature range relevant for the regular us-
age of a Li-ion battery, making use of on-line electrochemical mass
spectrometry (OEMS). In contrast to our previous study in which we
analyzed the oxygen release for different NMC compositions at a
constant temperature of 25◦C,7 here we will focus on NMC622 and
temperatures of 25, 40, and 50◦C. In addition, we will further ex-
amine the origin of the observed CO2 evolution from NMCs during
the first charge, occurring at potentials below the onset of O2 release.
Previously, we had ascribed this to the electrochemical oxidation of
Li2CO3 surface contaminants.7 Alternative views in the literature are
either (i) that all CO2 released during the first charge of NMCs is
entirely due to Li2CO3 oxidation (i.e., that it does not derive from
electrolyte oxidation)22 or (ii) that all of the CO2 released during
the first charge derives from electrolyte oxidation.23 Making use of
13C-labelled ethylene carbonate based electrolyte, and examining the
temperature dependence of the amount of evolved CO2 prior to O2

release, we will show that none of these three hypotheses are cor-
rect; instead we will show that other effects are responsible for the
evolution of CO2 at low potentials in the first cycle and that Li2CO3

will decompose chemically rather than electrochemically at higher
potentials.

Experimental

Electrode preparation.—Throughout this study,
LiNi0.6Mn0.2Co0.2O2 (NMC622, Ecopro, South Korea) is used
as active material. The material is pristine without any surface
treatment; its specific surface area of 0.31 m2/g was determined
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by BET using an Autosorb iQ nitrogen gas sorption analyzer
(Quantachrome Instruments, USA). Electrodes were prepared by
dispersing 91.5%wt NMC622, 4.4%wt conductive carbon (Super C65,
Timcal, Switzerland) and 4.1%wt polyvinylidene fluoride binder
(PVDF, Kynar HSV 900, Arkema, France) in N-methylpyrrolidone
(NMP, anhydrous, 99.5%, Sigma-Aldrich). The slurry was mixed in
a planetary mixer (Thinky, USA) at 2000 rpm for 2 × 5 minutes.
In between the two mixing steps, the slurry was ultrasonicated for
10 minutes in an ultrasonic bath. The resulting ink was spread
onto an aluminum foil (thickness 18 µm, MTI Corporation, USA)
using a gap bar coater (RK PrintCoat Instruments, UK). For OEMS
measurements, the ink was coated onto a stainless steel mesh (316
grade, 26 µm aperture, 25 µm wire diameter, The Mesh Company,
UK) to allow for a short diffusion time of the evolved gases to the
head-space of the OEMS cell where the capillary leading to the mass
spectrometer is attached.24,25 After drying at 50◦C in air for about
1–2 hours, electrodes were punched and dried overnight at 120◦C
under dynamic vacuum in a glass oven (drying oven 585, Büchi,
Switzerland) and transferred to a glove box (O2 and H2O < 0.1 ppm,
MBraun, Germany) without exposure to ambient air.

The graphite electrodes were prepared by mixing 95.8%wt graphite
(MAG-D20, Hitachi; BET area of 4.1 m2/g), 1.0%wt Super C65
(Timcal, Switzerland; BET area of 65 m2/g), 1.0%wt sodium car-
boxymethylcellulose (Na-CMC, Dow Wolff Cellulosics), and 2.2%wt

styrene-butadiene rubber (SBR, JSR Micro). The slurry was prepared
by dispersing graphite, Super C65 and Na-CMC in highly pure wa-
ter (18 M�cm, Merck Millipore, Germany) using a planetary mixer
(Thinky, USA; at 2000 rpm for 30 minutes). Subsequently, the slurry
was ultrasonicated for 10 minutes in an ultrasonic bath. Finally, SBR
was added to the slurry and mixed at 500 rpm for 2 minutes. The
ink was coated onto copper foil (thickness 12 µm, MTI Corporation,
USA) using a gap bar coater (RK PrintCoat Instruments, UK). The
coating was dried at 50◦C in air, punched out, dried overnight at 120◦C
under vacuum in the above mentioned Büchi oven and transferred to
a glove box without exposure to ambient air.

Electrochemical characterization.—The electrochemical charac-
terization of NMC was performed in Swagelok T-cells which were
assembled in an argon filled glove box (O2 and H2O < 0.1 ppm,
MBraun, Germany), with NMC as working electrode (10.95 mm di-
ameter) and graphite as counter electrode (10.95 mm diameter). The
areal mass loading of the NMC electrodes was 13.3 ± 0.7 mg/cm2

while the loading of the graphite electrodes was adjusted so as to
achieve a constant balancing factor according to the mass loading of
the NMC electrodes and its specific capacity at the various cutoff
voltages. The areal capacity of the anode (in mAh/cm2) was oversized
1.2-fold compared to the cathode (referenced to the reversible capac-
ities of NMC and graphite at a 1 C-rate; if referenced to 0.1 C, the
graphite anode is roughly 1.1-fold oversized). To monitor the potential
of both the NMC cathode and the graphite anode, a lithium reference
electrode (thickness 0.45 mm, battery grade foil, 99.9%, Rockwood
Lithium, USA) was used. Two glass fiber separators (glass microfiber
filter, 691, VWR, Germany) punched to a diameter of 11 mm were
used between working and counter electrode, and one at the reference
electrode (diameter of 10 mm). 80 µL of LP57 electrolyte (1 M LiPF6

in EC:EMC 3:7 wt/wt, < 20 ppm H2O, BASF, Germany) were used
between working and counter electrode and 40 µL were added to the
reference electrode side.

The cells were cycled in a climate chamber (Binder, Germany) at
25, 40, or 50◦C with a battery cycler (Series 4000, Maccor, USA). All
cells were cycled 300 times at 1 C at the respective temperature, with
two initial formation cycles at 0.1 C and two diagnostic cycles at
0.1 C every 50 cycles. Charging was done in constant-current,
constant-voltage (CCCV) mode with a current limitation correspond-
ing to 0.05 C, while the discharge was done in constant-current (CC)
mode. The lower cutoff voltage was kept constant at 3 V. The upper
cutoff voltage was 4.3, 4.4, 4.5, or 4.6 V and additionally 4.2 V at 25
and 50◦C.

The C-rate was referenced to the approximate reversible capacity
of the NMC622 at 1 C: i) 155, 165, 175, 185 and 195 mAh/g at 25◦C
and upper cutoff voltages of 4.2, 4.3, 4.4, 4.5, and 4.6 V, respectively;
ii) 175, 185, 195, and 205 mAh/g at 40◦C and upper cutoff voltages
of 4.3, 4.4, 4.5, and 4.6 V, respectively; and, iii) 170, 180, 190, 200,
and 210 mAh/g at 50◦C and upper cutoff voltages of 4.2, 4.3, 4.4, 4.5,
and 4.6 V, respectively. Two cells were built for each combination
of temperature and cutoff voltage and the error bars in the figure
represent the standard deviation from two cells for each combination.

On-Line electrochemical mass spectrometry (OEMS).—OEMS
experiments were performed with an NMC622 cathode (diameter
15 mm) and either a lithium (diameter 16 mm) or graphite anode
(diameter 16 mm,), two glass fiber separators (diameter 28 mm,
glass microfiber filter, 691, VWR, Germany), and 400 µL of 1.5 M
LiPF6 in ethylene carbonate (EC, BASF, Germany) or 13C-isotope la-
belled ethylene carbonate (13C-EC, isotopic purity 97 atom%, Sigma
Aldrich). The mixture of EC with LiPF6 is a liquid at room tem-
perature due to the melting point depression caused by the addition
of LiPF6. The removal of the high vapor pressure component of the
electrolyte (i.e. linear alkyl carbonate) greatly increases the signal to
noise ratio of the mass spectrometer by lowering the background sig-
nal of the electrolyte measured.26 In analogy to our previous study,7

the cells were cycled one or four times at a C/5-rate (referenced to
the theoretical capacity of 276.5 mAh/gNMC of NMC622) and with
a one hour CV hold at the upper cutoff voltage. With a graphite or
lithium anode, the voltage ranges were 2.6–4.8 V and 2.8–4.9 V, re-
spectively. The rather high upper cutoff potential allows one to almost
completely delithiate the NMC622 (∼96% at 25◦C) and therefore the
data presented below give insights into the gas evolution arising over
essentially the entire state of charge (SOC) of the NMC material. The
loadings of the cathode active material were 9.3–10.0 mgNMC/cm2.
The capacity of the graphite counter electrode was oversized 1.4-fold
(referenced to the theoretical capacities of NMC and graphite).

The as received 13C-EC contained ethylene glycol (EG) as a major
impurity amounting to ∼9–10% as was detected and quantified us-
ing 1H- and 13C-NMR spectroscopy. Most likely EG was formed by
hydrolysis of EC with H2O impurities, because the detected EG was
also 13C-labelled. To remove this and potentially other impurities the
EC was thoroughly distilled and its purity was determined by 1H- and
13C-NMR spectra, in which no peaks corresponding to any impurities
were detected after distillation.

All cells were assembled in a glove box with argon atmosphere
(O2 and H2O < 0.1 ppm, MBraun, Germany). The cells were placed
in a climate chamber at 25, 40, or 50◦C (Binder, Germany) and con-
nected to the potentiostat (Series G300 potentiostat, Gamry, USA)
and the mass spectrometer system, which has been described in detail
elsewhere.25 The cells were held at OCV for 4 h before starting the
above described protocols. The gas evolution during the OCV and
the charging/cycling period was recorded by OEMS. All mass signals
were normalized to the ion current of the 36Ar isotope to correct for
fluctuations of pressure and temperature. Conversion of the ion cur-
rents to concentrations was done for O2, CO2, H2, C2H4, and CO using
calibration gases (Ar with 2000 ppm each of H2, O2, C2H4, and CO2

as well as Ar with 2000 ppm each of H2, O2, CO, and CO2; Westfalen,
Germany) and the internal OEMS cell volume of 9.5 cm3.

Results

Gas analysis of NMC622-graphite full-cells at 25, 40, and 50◦C
by OEMS.—In the following we will present the results of the
OEMS analysis of NMC622-graphite cells cycled at 25, 40, and 50◦C.
Figure 1 depicts the first four charge/discharge cycles of a NMC622-
graphite cell at 25◦C and the total moles of the evolved/consumed
gases ethylene (C2H4), hydrogen (H2), carbon monoxide (CO), carbon
dioxide (CO2), and oxygen (O2), all normalized by the BET surface
areas of NMC622 (left y-axis) and by the sum of anode graphite and
conductive carbon (right y-axis) in units of µmol/m2

NMC and µmol/m2
C,

respectively. Right at the beginning of the first charge, a steep increase
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Figure 1. (a) Cell voltage vs. time of a NMC622-graphite cell over four
charge/discharge cycles at C/5 rate and 25◦C between 2.6 and 4.8 V, in a cell
containing 400 µL of 1.5 M LiPF6 in ethylene carbonate (EC), two glassfiber
separators, and 17.28 mg NMC622. (b) Evolution of CO2 (dark blue), H2

(green), C2H4 (orange), CO (blue), and O2 (black, 10-fold magnified) as a
function of time. Solid lines indicate the gases stemming from the NMC
electrode and dashed lines those from the graphite electrode; gas concentrations
are referenced to the NMC BET area (left y-axis) and to the sum of the graphite
and conductive carbon BET areas (right x-axis). The OEMS data are smoothed,
baseline corrected, and converted into units of [µmol/m2

NMC] and [µmol/m2
C].

of the C2H4 trace is observed, stemming from the reduction of EC on
the graphite anode during the SEI formation.27–30 Once the SEI is
completely formed, the C2H4 signal remains rather constant, indicat-
ing that the formed SEI prevents further solvent reduction. Simultane-
ous with the evolution of C2H4, the evolution of CO is observed which
originates from an alternative EC reduction pathway.27,31 The maxi-
mum amounts of ∼7 µmol/m2

C of C2H4 and ∼1.4 µmol/m2
C of CO

(both measured after 2–3 hours) due to SEI formation on graphite are
in good agreement with the measured amounts in earlier reports.7,27

Starting after ∼4 hours, the CO signal shows a stepwise increase,
which will be discussed below.

Together with the gas evolution due to SEI formation, H2 evolves,
which is due to the reduction of trace water or trace HF in the
electrolyte.27,32,33 After an initially fast evolution of the H2 signal
(∼8 µmol/m2

C after four hours), the evolution rate decreases (i.e., the
slope of the line in Figure 1 decreases) and gradually approaches a
concentration of ∼14 µmol/m2

C at the end of the fourth cycle. We
believe that the reason why the H2 evolution continues after the first
charge (contrary to the behavior of C2H4) are the following: i) due
to the SEI formation, the rate of trace H2O/HF reduction becomes
slower and in principle depends on the ‘quality’ of the SEI,32 and ii)
due to oxidative electrolyte decomposition, H2O and/or protic species
are formed,7,27,34,35 which may diffuse to and become reduced at the
graphite anode to molecular hydrogen.

The CO2 signal of the first cycle can be grouped into three distinct
regions: i) within the first three hours of the measurement (up to
∼4.0 V cell potential), a linear increase of the CO2 signal is observed.
In our previous studies, we had ascribed this to the oxidation of surface
carbonate species,7,27 but as we will show later, this assumption had
been erroneous. ii) From 4.0–4.4 V a second process is observed with
an increased CO2 evolution rate. The origin of this process will be
discussed later together with the findings of the other experiments.
Finally, iii) very steep increase of the CO2 signal caused by oxygen
release from NMC and subsequent chemical electrolyte oxidation

at cell potentials >4.4 V.7,10 The latter is caused by the release of
reactive oxygen from the NMC surface and is therefore observed in
parallel with O2 evolution after ∼4 hours into the charging process.
At this point the cell potential reaches 4.42 V and O2 starts to evolve,
amounting to ∼10 µmol/m2

NMC in the first charge; its subsequent slow
but gradual decrease is likely due to its slow reduction at the graphite
anode. Simultaneously to O2, not only the sharp increase of the CO2

signal but also of the CO signal are observed, which are due to a
chemical reaction between the released oxygen with the electrolyte
to form CO and CO2,7,10 most likely due to the fact that at least part
of the oxygen is released as highly reactive singlet oxygen.11 Once
the cell is switched from the CV-phase at 4.8 V into discharge, the
CO and CO2 concentrations stay constant until the cell voltage again
increases above ∼4.42 V in the following charge cycles, leading to
step-like increases of CO and CO2. Note that the first two processes
prior to oxygen release leading to CO2 evolution are absent in the
2nd to 4th cycles, so that the CO2 evolution in those cycles is caused
mostly by chemical electrolyte oxidation as a consequence of oxygen
release. We will discuss this observation in further detail later on and
first present the other results.

In the second charge cycle, only a rather small amount of O2

evolution is detected (∼1.5 µmol/m2
NMC), which we believe is due

to the fact that the oxygen is released in a highly reactive form and
can be observed as O2 in the gas phase only if larger amounts of
oxygen are released within a short period of time, as it otherwise
quantitatively reacts with electrolyte to CO2 and CO, indicated by
their step-like increase every time a potential of ∼4.42 V is reached.7

As described previously, the growing oxygen-depleted surface layer
requires oxygen to be released from deeper regions of the particle,
slowing down the diffusion-limited rate of oxygen release.7 This is
also manifested by the observation that the total amounts of CO2 and
CO released at potentials ≥4.42 V are largest in the first cycle, i.e.,
∼130 µmol/m2

NMC and ∼50 µmol/m2
NMC of CO2 and CO, respectively,

versus ∼75 µmol/m2
NMC and ∼25 µmol/m2

NMC in the second cycle. The
evolved amount of CO2 due to chemical electrolyte oxidation (i.e.,
released at potentials ≥4.42 V) in the first cycle was determined as
the CO2 signal at the end of the CV-step minus the one measured right
at the onset of oxygen release. The amounts of CO2 in the subsequent
cycles were determined by measuring the step height between the
different cycles.

As we used exactly the same experimental setup in our previous
report with an NMC622 from another vendor, we can compare it to
the gas evolution in Figure 1.7 It can be seen that the onset potential
for oxygen release of the NMC622 material in this work is ∼120 mV
lower than that observed for the different NMC622 material in our
previous study. Yet, the state of charge (throughout this work, 100%
SOC is defined as the removal of all lithium from the NMC) at which
O2 release is observed is identical (∼81%),7 which suggests that it
is the SOC which is governing the onset of oxygen release rather
than potential. This may be rationalized by considering that the lay-
ered oxide structure is only kinetically stable at high SOCs and that a
transformation to spinel- or rock-salt phases would be thermodynam-
ically favored but is kinetically limited at moderate temperatures by
the slow solid state diffusion of the multivalent ions within the NMC
lattice. Therefore, we believe that the different onset potentials are
due to impedance effects, caused by a different surface structure and
thus a different interfacial resistance between the NMCs from the dif-
ferent vendors. Incidentially, in a recent study by Streich et al.,36 the
onset of oxygen release for different NMCs was correlated with the
estimated state of charge of the nickel in the NMCs, as in their case for
unknown reasons, oxygen release from NMC111 already occurred at
∼70% SOC, while all other compositions (NMC532, NMC622, and
NMC811) showed O2 release at ∼80% SOC, consistent with the data
in this and in our previous studies.7,11

Before moving to the experiments conducted at elevated tem-
peratures, we would like to point out that even at these high po-
tentials of 4.8 V at 25◦C, gas evolution from electrochemical elec-
trolyte oxidation was demonstrated to still be negligible compared to
the gas amounts stemming from chemical electrolyte oxidation as a
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Figure 2. (a) Cell voltage vs. time of a NMC622-graphite cell over four
charge/discharge cycles at C/5 rate and 40◦C between 2.6 and 4.8 V, in a cell
containing 400 µL of 1.5 M LiPF6 in ethylene carbonate (EC), two glassfiber
separators and 17.19 mg NMC622. (b) Evolution of CO2 (dark blue), H2

(green), C2H4 (orange), CO (blue), and O2 (black, 10-fold magnified) as a
function of time. Solid lines indicate the gases stemming from the NMC
electrode and dashed lines those from the graphite electrode; gas concentrations
are referenced to the NMC BET area (left y-axis) and to the sum of the graphite
and conductive carbon BET areas (right x-axis). The OEMS data are smoothed,
baseline corrected, and converted into units of [µmol/m2

NMC] and [µmol/m2
C].

consequence of the release of reactive oxygen.10 As will be shown
below, the qualitative trends of the evolved gases do not change sig-
nificantly at elevated temperatures, indicating that also at the higher
temperatures of 40 and 50◦C, the majority of the evolved CO and CO2

at high potentials stem from chemical electrolyte oxidation.
Figure 2 shows the results of an OEMS-experiment with an

NMC622-graphite cell, now at a temperature of 40◦C. Note, that the
scale of the y-axis is different between Figure 1b and Figure 2b to ac-
count for the larger amounts of gas evolved at the higher temperature.
In analogy to Figure 1, very similar amounts of C2H4 (∼6.5 µmol/m2

C)
and CO (∼2 µmol/m2

C) evolve in the first cycle due to SEI formation.
It is interesting to note that the C2H4 signal is not as stable after the first
cycle as was the case for the measurement at 25◦C (Figure 1), now in-
creasing to ∼9 µmol/m2

C after four cycles. This observation indicates
that, as expected, the EC-derived SEI becomes less stable at elevated
temperatures. The evolution of H2 is qualitatively also very similar to
the experiment at 25◦C, yet its total amount is significantly larger and
reaches ∼11 µmol/m2

C after 4 hours and ∼27 µmol/m2
C after four cy-

cles. While the reduction of initially present trace amounts of H2O/HF
should not depend on temperature, the electrolyte decomposition and
formation of H2O/protic species increases with temperature, as indi-
cated by the increasing CO2 and CO signals (see below). As in Figure
1, the CO2 signal again can be split into the three regions as discussed
above, yet the total amount of CO2 significantly increases.

Oxygen evolution initiates once the cell potential reaches 4.38 V,
which is 40 mV lower than at 25◦C (see Figure 1), even though
the SOC at the onset of oxygen release remains at 81%. The total
amount of evolved O2 is roughly 1.5-fold larger compared to the 25◦C
experiment, with ∼16 µmol/m2

NMC in the first cycle, but still only
minor quantities in the subsequent cycles. Again, simultaneous with
the O2 evolution, also CO and CO2 evolve. The latter again show the
step-like increases from cycle to cycle once the cell voltage increases
above ∼4.38 V, the potential at which oxygen release is observed in
the first cycle. In analogy to Figure 1, the amounts of CO2 due to

Figure 3. (a) Cell voltage vs. time of a NMC622-graphite cell over four
charge/discharge cycles at C/5 rate and 50◦C between 2.6 and 4.8 V, in a cell
containing 400 µL of 1.5 M LiPF6 in ethylene carbonate (EC), two glassfiber
separators and 17.60 mg NMC622. (b) Evolution of CO2 (dark blue), H2

(green), C2H4 (orange), CO (blue), and O2 (black, 10-fold magnified) as a
function of time. Solid lines indicate the gases stemming from the NMC
electrode and dashed lines those from the graphite electrode; gas concentrations
are referenced to the NMC BET area (left y-axis) and to the sum of the graphite
and conductive carbon BET areas (right x-axis). The OEMS data are smoothed,
baseline corrected, and converted into units of [µmol/m2

NMC] and [µmol/m2
C].

chemical electrolyte oxidation (i.e., released at potentials ≥4.38 V)
decrease from ∼230 µmol/m2

NMC in the first to ∼120 µmol/m2
NMC

in the second and to ∼70 µmol/m2
NMC in the third and fourth cycle.

Similarly, the CO amounts decrease from ∼90 µmol/m2
NMC in the

first, to ∼35 µmol/m2
NMC in the second, to ∼20 µmol/m2

NMC in the
third, and to ∼15 µmol/m2

NMC in the fourth cycle. These decreasing
amounts of CO and CO2 over cycling are consistent with the expected
decrease in the oxygen release rates as a consequence of the growing
thickness of the oxygen-depleted layer.

Finally, Figure 3 depicts the OEMS measurement of a NMC622-
graphite cell cycled at 50◦C. The evolution of C2H4 and CO due to
SEI formation on the graphite in the first cycle reaches ∼6.5 µmol/m2

C

and ∼2 µmol/m2
C, respectively, and is therefore very similar to the

amounts observed in Figure 1 and Figure 2. As already observed in the
measurement at 40◦C, the C2H4 signal is not perfectly stable after the
first cycle and increases to ∼11 µmol/m2

C at the end of the experiment,
indicating that, as expected, the EC-derived SEI is even less stable at
50◦C compared to 40◦C. The H2 signal is again qualitatively similar
to the experiments at 25◦C and 40◦C (Figure 1 and Figure 2), but its
total amount increased slightly to ∼12 µmol/m2

C after 4 hours and to
∼32 µmol/m2

C at the end of the measurement. Also the CO2 signal is
qualitatively similar to the ones observed at 25◦C and 40◦C, however,
the amount is even further increased (note the different scales of the
y-axes in Figures 1–3).

At a cell potential of 4.36 V, O2 evolution sets in, which is
60 mV lower than at 25◦C (Figure 1) and 20 mV lower than at 40◦C
(Figure 2). However, the SOC at the onset of oxygen release again
is at around 81% and thus is constant for all temperatures. The to-
tal O2 evolution in the first cycle increases further compared to the
40◦C experiment to ∼21 µmol/m2

NMC and only minor quantities are
observed in the subsequent cycles. In analogy to Figure 1 and Fig-
ure 2, with the onset of O2 evolution also CO and CO2 evolve due to
chemical electrolyte oxidation. The amounts of CO2 due to chemical
electrolyte oxidation (i.e., released at potentials ≥4.36 V) decrease
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Figure 4. (a) Cell voltage vs. time of the first cycle of a NMC622-graphite
cell at C/5 rate and 25◦C between 2.6 and 4.8 V, in a cell containing 400 µL
of 1.5 M LiPF6 in 13C-labelled ethylene carbonate (13C-EC), two glassfiber
separators and 16.87 mg NMC622. (b) Evolution of 13CO2 (dark green),
12CO2 (dark blue), H2 (green), 13C2H4 (bright orange), 13CO (red), and O2

(black, 10-fold magnified) as a function of time. Solid lines indicate the gases
stemming from the NMC electrode and dashed lines those from the graphite
electrode; gas concentrations are referenced to the NMC BET area (left y-axis)
and to the sum of the graphite and conductive carbon BET areas (right x-axis).
The OEMS data are smoothed, baseline corrected, and converted into units of
[µmol/m2

NMC] and [µmol/m2
C].

from ∼320 µmol/m2
NMC in the first to ∼130 µmol/m2

NMC in the second
and to ∼70 µmol/m2

NMC the third and fourth cycle. The CO amounts
decrease from ∼130 µmol/m2

NMC in the first, to ∼35 µmol/m2
NMC in

the second and to ∼30 µmol/m2
NMC in the third and fourth cycle.

Evaluation of the H2 and CO2 signals prior to oxygen release.—
As it was presented above, the CO2 signal of the first charge can be
divided into three distinct regions. In the following we will have a
closer look at the first two regions observed prior to oxygen release
and will also discuss the H2 signal in more detail. As it was demon-
strated in Figures 1–3, the linear increase of the CO2 signal within
the first three hours into the charging process increases with temper-
ature from 21 µmol/m2

NMC (25◦C) to 70 µmol/m2
NMC (40◦C) all the

way to 129 µmol/m2
NMC (50◦C). In our previous work with NMC111,

NMC622, and NMC811 from a different supplier, we ascribed the
CO2 increase observed only in the first cycle at 25◦C (ranging from
∼19–80 µmol/m2

NMC) prior to the onset of oxygen release to the ox-
idation of residual carbonate impurities on the surface of the NMC
(amounting to ∼0.05–0.11%wt Li2CO3 equivalents for the three dif-
ferent NMCs).7 While this explanation was consistent with the car-
bonate impurities specified by the supplier in this previous study, it is
inconsistent with the observed dramatic increase in the initial CO2 for-
mation with temperature, as the residual carbonate content of course
should not depend on the temperature at which the experiment is being
conducted.

To test if the linear CO2 signal may stem from electrolyte decom-
position rather than from carbonate impurity oxidation, we conducted
the following OEMS experiment using 1.5 M LiPF6 in 13C-labelled
EC (13C-EC). The first cycle of an analogous experiment as the one
shown in Figure 1 is depicted in Figure 4. As already discussed above,
due to SEI formation, ethylene and carbon monoxide evolve from the
beginning of the measurement. Owing to the use of 13C-EC, the 13C-
labelled gases 13C2H4 and 13CO are observed in Figure 4. The H2

signal is qualitatively very similar to the analogous experiment at
25◦C (Figure 1). Interestingly, the clearly observed linear increase of
carbon dioxide at the beginning of the measurement is 13CO2 and
therefore unequivocally stems from the electrolyte rather than from
carbonate surface impurities.

It is important to note that in this experiment the linear CO2 evolu-
tion is observed all the way until the onset of oxygen release. There-
fore, the transition to a higher CO2 evolution as it was observed in
Figures 1–3 setting in after roughly three hours is absent in Figure
4. We will come back to this important observation in more detail
later on when discussing the origin of this transition to higher CO2

evolution rates.
At a cell potential of 4.41 V, O2 evolution sets in (SOC = 81%)

together with the formation of 13CO2, 13CO resulting from chemical
electrolyte oxidation induced by the released oxygen, and the first
appearance of 12CO2 (12CO was not observed throughout the entire
measurement), which plateaus at ∼25 µmol/m2

NMC by the end of the
first charge/discharge cycle. Surprisingly, no 12CO2 is observed prior
to the onset of oxygen release, disproving our original hypothesis that
the electrochemical oxidation of (lithium) carbonate surface impuri-
ties would be responsible for the initial CO2 formation. In principle,
the 12CO2 may derive from three sources: (i) the oxidation of the
PVDF binder; (ii) the oxidation of the conductive carbon; and/or, (iii)
the oxidation/decomposition of Li2CO3 and/or transition metal car-
bonates. As was shown by Metzger et al.,26 the formation of CO2 from
PVDF binder does not occur below 5.0 V vs. Li+/Li even at 60◦C.
Also, in our previous report with isotopically labelled conductive car-
bon (13C), we did not observe any 13CO2 or 13CO up to potentials
of 4.8 V vs. Li+/Li at 25◦C.7 Therefore, the only possible source for
the 12CO2 evolved upon the onset of oxygen release in Figure 4 are
carbonate surface impurities; if converted to Li2CO3 equivalents, the
observed ∼25 µmol/m2

NMC would equate to ∼0.06%wt Li2CO3. In
previous work,7,27 we had proposed that surface carbonate impurities
would get oxidized to CO2 at potentials above ∼4.2 V vs. Li+/Li,
according to the following reaction:

Li2CO3 → 2 Li+ + 2 e− + 0.5O2 + CO2 ↑ [1]

This was based on our earlier OEMS experiments with
Li2CO3/carbon composite electrodes, where the evolution of CO2

at a stoichiometry of 2e−/CO2 was observed; since no evolution of
O2 could be detected by OEMS, this was rationalized by assuming
that the released oxygen would be highly reactive, so that it would
react immediately with the electrolyte solvent.37 This mechanism was
adopted later on also by others.22,38 Based on the OEMS experiments
with 13C-labeled EC electrolyte, the more likely carbonate impurity
decomposition mechanism (written in the following for Li2CO3) is a
simple acid-base reaction:

Li2CO3 + 2 HF → 2 LiF + H2O + CO2 ↑ [2]

Reaction 2 would be consistent with the experimental observations:
(i) the lack of O2 evolution for a Li2CO3/carbon composite electrode;
and, (ii) the fact that carbonate decomposition does not occur until the
onset of oxygen release on NMC cathodes, which we believe results in
the formation of HF. This is based on the observation that at least some
fraction of the released oxygen is singlet oxygen11 which, as found
recently,39 reacts with ethylene carbonate to form H2O2, which is
electrochemically oxidized above ∼3.8 V vs. Li+/Li, yielding protons,
which in turn react with PF6

− ions to PF5 and HF.40

In a recent report by Renfrew et al.,22 it was suggested that the
CO2 and CO evolved throughout the entire first charge of NMC622
would actually stem from the oxidation of Li2CO3 surface impurities.
This, however, is clearly inconsistent with the experiment in Figure
4, which shows that (i) all the CO2 evolved prior to O2 evolution and
the majority of the CO2 evolved in parallel with oxygen release is
13CO2, and (ii) that all CO is evolved as 13CO. Therefore, the majority
of the evolved CO2 and all of the evolved CO in the first cycle must
definitely stem from electrolyte decomposition.

In order to get further insights into the origin of the CO2 evolution
prior to the onset of O2 evolution, we will next explore the effect
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Figure 5. (a) Cell voltage vs. time of the first cycle of a NMC622-Li cell at
C/5 rate and 25◦C between 2.8 and 4.9 V, in a cell containing 400 µL of 1.5 M
LiPF6 in ethylene carbonate (EC), two glassfiber separators and 16.41 mg
NMC622. (b) Evolution of CO2 (dark blue), H2 (green), C2H4 (orange), CO
(blue), and O2 (black, 10-fold magnified) as a function of time. Solid lines
indicate the gases stemming from the NMC electrode and dashed lines those
from the lithium electrode; gas concentrations are referenced to the NMC BET
area. The OEMS data are smoothed, baseline corrected, and converted into
units of [µmol/m2

NMC].

of the counter-electrode by conducting an analogous experiment to
that shown in Figure 1 and Figure 4, using lithium metal instead of a
graphite counter-electrode. Examining the first cycle of an NMC622-
Li cell with 1.5 M LiPF6 in EC (Figure 5), the onset of O2 release
occurs at a ∼0.06–0.07 V higher cell voltage of ∼4.48 V, simply
due to the lower potential of the lithium vs. the graphite counter-
electrode. As can be seen clearly from Figure 5, the gas evolution
traces in the high voltage region, i.e., in the potential region above
the oxygen release, are essentially identical to those observed with
a graphite counter-electrode (see Figure 1 and Figure 4) and will
therefore not be discussed in greater detail. A marked difference is
the substantially lower amount of C2H4 evolved in the first charge
cycle and its gradual increase in the first discharge cycle: the former
is due to the much smaller active surface area of metallic lithium
vs. graphite, reducing the absolute amount of electrolyte reduction
for SEI formation; the latter is due to the formation of fresh lithium
surfaces during lithium plating and the concomitant formation of new
SEI. Another clear difference is the absence of H2 evolution during
the first charge with a lithium metal counter-electrode (Figure 5),
quite different from what we observed for a graphite counter-electrode
(see Figure 1 and Figure 4). Finally, a quite striking feature of this
experiment with a lithium counter-electrode is that the initial linear
CO2 evolution is absent and CO2 evolution starts after ∼3 h at a
potential of ∼4.12 V before it turns into a very steep slope once
oxygen is released at ∼4.48 V. The potential of ∼4.12 V fits very well
to the onset of the higher slope in the CO2 signal observed in Figures
1–3 after ∼3 h at ∼4 V. The difference of ∼0.1 V in the potential again
is simply caused by the potential difference between the graphite and
the lithium counter-electrode.

The presence of the CO2 evolution starting at ∼4 V in Figures
1–3 and at ∼4.12 V in Figure 5 but its absence in the experiment
with the 13C-labelled electrolyte (Figure 4) clearly rules out both the
NMC cathode as well as the graphite and lithium counter-electrode

as the origin of the CO2. In fact, the only remaining difference is
the electrolyte used (conventional EC in Figures 1–3 and Figure 5
compared to 13C-EC in Figure 4). The as received 13C-labelled EC
contained a very significant amount of EG of ∼9–10%, which forms
by a ring-opening reaction when the EC contains some H2O under
release of CO2.41 Therefore, it was thoroughly distilled to remove all
EG and potential other impurities (see Experimental section) right
before preparing the electrolyte for the experiment shown in Figure
4. In contrast, the EC used in the experiments presented in Figures
1–3 and Figure 5 was delivered as battery grade and therefore not
further purified. We believe, that even though the latter was delivered
as battery grade it still contained a small amount of EG (which will
always form during storage when even minor quantities of water are
present) or other impurities, which are electrochemically less stable
than EC and become oxidized at ∼4 V and therefore give rise to the
observed CO2 evolution starting at ∼4 V before the onset of oxygen
release. This hypothesis is supported by a study by Wang et al. who
investigated the electrochemical oxidation of EG using DEMS and
found CO2 evolution starting at ∼3.7 V vs. Li+/Li.42 Even though they
performed the experiment in aqueous media on a platinum surface the
observation of CO2 at reasonably similar potentials underlines that
the oxidation of EG or other alcohols may be the reason for the CO2

evolution in Figures 1–3 and Figure 5 starting at ∼4.1 V vs. Li+/Li.
The absence of this process in the second to fourth cycle can simply
be explained by the quantitative oxidation of these species in the first
cycle.

The remaining questions from Figure 5 are to understand why
the initial linear CO2 evolution is absent and why no H2 evolution is
observed in the first charge cycle with a lithium counter-electrode. To
resolve this question, Figure 6 shows the mass traces on channels 44
(CO2) and 2 (H2) both normalized to the argon isotope on channel
36 for the preceding OCV period following cell assembly as well as
for the first 5.5 hours of cycling recorded for the NMC622-graphite
cell (Figure 1) and the NMC622-Li cell (Figure 5), both cycled at
25◦C. In both panels, the data to the left of the dashed vertical line
are from the OCV period. In general, upon attachment of the cell to
the mass spectrometer system, a decaying background signal on all
mass channels is observed, which is then used to fit a baseline that is
subtracted from the mass signals recorded during the subsequent cell
cycling to determine the gas evolution during charge/discharge cycling
of a cell. For the cell with a graphite counter-electrode (Figure 6a),
the signals recorded on m/z = 44 and m/z = 2 during OCV (∼0.2 V
cell voltage) exponentially decay and approach a reasonably constant
value by the time the cell is switched from OCV to galvanostatic
charging for the first cycle. Right with the beginning of the charging
process the evolution of H2 and CO2 can be clearly seen from the raw
data, indicating that either the lithiation of the graphite electrode or
the delithiation of the NMC cathode are responsible for the formation
of these gases.

In contrast to the rather clear baseline in the NMC622-graphite
experiment, the behavior of the baseline mass signals for CO2 and H2

for the NMC622-Li cell (Figure 6b) is very different. In fact, grad-
ually increasing signals are observed for both channels even during
the initial OCV period. The increasing mass signals during OCV in-
dicate that there are chemical processes occurring during OCV which
lead to the formation of both CO2 and H2 in the NMC622-Li cell.
Electrochemical processes can be excluded due to the absence of any
current during OCV. Since the potential of the NMC622 electrode
is at ∼3.2 V vs. Li+/Li for both cell configurations (inferred from
the OCV potential ∼3.2 V in the NMC622-Li cell (Figure 6b) and
considering that the lithium anode potential is 0 V vs. Li+/Li), no
reactions are expected to occur at the NMC cathode during OCV.
In contrast, the anode is at a potential of ∼3.0 V vs. Li+/Li in case
of the NMC622-graphite cell (∼0.2 V OCV) and at 0 V vs. Li+/Li
in case of the NMC622-lithium cell. Consequently, the reduction of
trace HF/H2O to H2 in a NMC622-Li cell already occurs during OCV
when metallic lithium is present (Figure 6b), while it only occurs on
a graphite electrode once the electrode potential drops below ∼1.7 V
vs. Li+/Li in the case of HF33 or below ∼0.8 V vs. Li+/Li in the case
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Figure 6. Mass traces of hydrogen (H2, green) and carbon dioxide (CO2,
dark blue) recorded during the preceding OCV and the first 4.5 h of the 1st

charge at 25◦C of (a) the NMC622-graphite cell shown in Figure 1, and, (b) the
NMC622-Li cell shown in Figure 5. The OCV region to the left of the dashed
line was used for the baseline fits of the OEMS signals plotted in Figure 1 and
Figure 5.

of H2O.27 For the balancing factor of 1.4 used in this cell, the graphite
potential is expected to decrease below ∼1.7 V vs. Li+/Li once ∼0.6%
of the overall charge has been passed43 (i.e., within ∼1.5 min. after
OCV in Figure 6a) and to below ∼0.8 V vs. Li+/Li once ∼2.5% of the
overall charge has been passed43 (i.e., within ∼8 min). This clearly
explains the observed onset of H2 evolution immediately following
the switch from OCV to charging in Figure 6a. On the other hand,
the increasing H2 mass signal “baseline” during OCV is the reason
why no H2 evolution is visible in Figure 5 even though H2 is evolved
already during OCV.

This leaves the question as to the origin of the CO2 evolution
during OCV for the NMC622-lithium cell (Figure 6b) and during the
initial ∼3 hours of charging for the NMC622-graphite cell (Figure
6a). The explanation can be found by considering that the reduction
of trace H2O to H2 is accompanied by the formation of hydroxide ions
(OH−), as shown by Bernhard et al.:32

2 H2O + 2 e− → H2 + 2 OH− [3]

The thus produced OH− ions cause the hydrolysis of EC into
ethylene glycolate anion (EG−), which may further polymerize with
EC, and CO2 at appreciable rates even at room temperature, as was
shown in model experiments with TBAOH by Metzger et al.:41

OH− + EC → CO2 + EG− [4]

In summary, the reduction of trace H2O forming H2 and OH−

that subsequently hydrolyzes EC causes the observed increasing CO2

mass signal already during the OCV period in the NMC622-Li cell
(Figure 6b) and, owing to the associated erroneous CO2 baseline
correction, is the cause for the apparent absence of an initial CO2

evolution signal right at the beginning of the charging process (Figure
5). In fact, a similar increasing baseline of the CO2 signal was shown
before in graphite charging experiments with deliberate water addi-
tions to the electrolyte, becoming more pronounced with increasing
water content.26 On the other hand, no OH− are produced during OCV
in the NMC622-graphite cells (Figure 6b) and can only be formed at
the beginning of the charging process, leading to the observed on-
set of CO2 evolution due to EC hydrolysis (see Eq. 4) immediately
upon cell charging, as seen in Figures 1–3 and Figure 4. The steeper
slopes of the initial CO2 evolution for high temperatures within the
first ∼3 hours observed in Figures 1–3 are due to the temperature ac-
tivated EC hydrolysis by OH−, with an apparent activation energy of
∼40–50 kJ/mol.41 We will compare this reported activation energy
with our observations in the Discussion section. The absence of EC
hydrolysis after the first cycle is most likely due to the fact that OH−

triggered EC hydrolysis is not a catalytic process but ends once the
OH− ions are depleted, which is likely the case within the first cycle
due to only trace amounts of H2O being present in the fresh cell.

Electrochemical cycling of NMC622-graphite cells.—In our pre-
vious work, we showed that a stable cycling of NMC-graphite cells is
possible as long as the upper cut-off voltage is kept below the onset
potential of oxygen release.7 To investigate whether this is also true
for charge/discharge cycling at different temperatures, we conducted
long-term cycling experiments, now with a conventional LP57 elec-
trolyte (1 M LiPF6 in EC/EMC 3:7) instead of the model electrolyte
(1.5 M LiPF6 in EC) used for the above OEMS experiments. Figure 7
shows the specific discharge capacities at a rate of 1 C vs. cycle num-
ber, whereby every 50 cycles 2 cycles at 0.1 C were conducted; the
specific capacities of the 5th and the 312th cycle (both at 1 C) and the
capacity retention between these cycles are summarized in Table I.

At 25◦C, as one would expect, the specific capacity increases with
increasing upper cutoff voltage: at a 1 C-rate, the initial capacity in-
creases from 154 mAh/gNMC for 4.2 V to 189 mAh/gNMC for 4.6 V; at
0.1 C-rate, it increases from 170 mAh/gNMC to 209 mAh/gNMC. Stable
cycling at 25◦C and 1 C-rate (Figure 7a) with capacity retentions of
>90% over ∼300 cycles is only possible with 4.2 and 4.3 V upper
cutoff voltage (see Table I), which is very similar to our previous
report using NMC622 from another vendor.7 The fairly linear capac-
ity loss over cycle numbers in these cells is most likely due to the
loss of cyclable lithium into the graphite SEI.44–47 With a 4.4 V cut-
off, a significantly lower capacity retention of 84% is observed (see
Table I), indicating that between 4.3 and 4.4 V an additional aging
mechanism sets in. For 4.5 and 4.6 V, the cycling stability is rather
poor, with capacity retentions of 66% and 53%, respectively (see
Table I). The onset of this additional aging mechanism fits very well
to the observed onset potential of oxygen release, which was shown
previously to lead to increased impedance due to the formation of
spinel- and rock-salt layers detrimental to the Li-ion conductivity.6,7

The significantly worse cycling performance for 4.5 and 4.6 V may be
rationalized by the fact that due to the higher SOC at the higher cutoff
potentials, the driving force for the surface transformation becomes
larger, yielding thicker and more resistive surface layers (also indi-
cated by the clearly larger capacity loss at 1 C compared to 0.1 C; see
Figure 7a). Additionally, the products of electrolyte degradation like
protic species or water,7,10,27,34 which would form HF upon reaction
with the LiPF6 salt33,40 may further be detrimental to the anode SEI
and the cathode active material.

When the temperature is increased to 40◦C (Figure 7b), the specific
capacities increase compared to cycling at 25◦C due to faster kinetics,
reaching 173 mAh/gNMC (1 C) and 184 mAh/gNMC (0.1 C) for 4.3 V,
all the way up to 201 mAh/gNMC (1 C) and 218 mAh/gNMC (0.1 C)
for 4.6 V. The capacity retention over ∼300 cycles at 1 C for a 4.3 V
cutoff decreases to 85% compared to 91% at 25◦C. This is most
likely due to faster lithium loss at higher temperatures due to a less
stable SEI, as can be also observed in the increased C2H4 evolution in
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Table I. Measured capacity retentions vs. upper cutoff potential between the 5th and the 312th cycle (at 1 C-rate) of the NMC-graphite cells shown
in Figure 7 for 25, 40, and 50◦C. The values in brackets are the specific capacities in units of mAh/gNMC of the 5th and the 312th cycles.

4.2 V 4.3 V 4.4 V 4.5 V 4.6 V
92% 91% 84% 66% 53%

25◦C
(154 → 142) (165 → 150) (174 → 147) (180 → 119) (189 → 101)

- 85% 85% 48% 19%
40◦C

(173 → 147) (184 → 157) (192 → 92) (201 → 39)
74% 77% 73% 48% 2%

50◦C
(169 → 125) (181 → 140) (190 → 139) (197 → 94) (204 → 4)

Figure 7. Specific discharge capacities of NMC622-graphite cells vs. cycle
number in LP57 electrolyte (1 M LiPF6 in EC:EMC 3:7 wt/wt), operated at
(a) 25◦C, (b) 40◦C, or (c) 50◦C with different upper cutoff voltages of 4.2 V
(black), 4.3 V (green), 4.4 V (red), 4.5 V (blue), or 4.6 V (gray) and a constant
lower cutoff voltage of 3.0 V. Formation was done at a rate of 0.1 C (2 cycles),
and cycling was performed at 1 C with two cycles at 0.1 C after every 50 cycles.
The error bars represent the standard deviations of two repeat measurements.

Figure 2.44,47 Interestingly, with a 4.4 V cutoff, the capacity retention
is the same as for 4.3 V even though 4.4 V is slightly above the
onset of oxygen release (Figure 2). As 4.4 V is right at the onset
of O2 release at that temperature (∼4.38 V, see Figure 2), it might
be possible that the impedance increase due to a rather thin surface
layer is compensated by faster kinetics at the higher temperature. For
4.5 and 4.6 V, thicker surface layers appear to overwhelm the faster
kinetics at the higher temperature, yielding poor capacity retentions
of 48% and 19%, respectively; in addition, even at the lower C-
rate of 0.1 C, capacity fading is very high, suggesting accelerated
electrolyte degradation associated with an accelerated loss of cyclable
lithium.

Lastly, at 50◦C (Figure 7c), the initial specific capacities further
increase slightly to 169 mAh/gNMC (1 C) and 175 mAh/gNMC (0.1 C)
for 4.2 V as well as to 204 mAh/gNMC and 218 mAh/gNMC (0.1 C) for
4.6 V. The capacity retentions at cutoff voltages below the detected
onset of oxygen release (Figure 3), i.e., 4.2 and 4.3 V, are essentially
identical with 74–77%, which is again lower than at 25 and 40◦C
and is most likely due to a less stable SEI at 50◦C.44 The capacity
retention with a 4.4 V cutoff is 73%, similar compared to the cycling
with 4.2 and 4.3 V cutoffs, which is probably the same reason as
observed for 4.4 V at 40◦C. The increase of the particle resistance is
compensated by faster kinetics at the higher temperature. For voltage
cutoffs of 4.5 and 4.6 V, a drastic increase in the rate of capacity fade
is observed even at the slower rate of 0.1 C, which must be due to
accelerated electrolyte decomposition and an associated accelerated
loss of cyclable lithium.

We want to highlight that at 40 and 50◦C, other aging mechanisms
may also play a role in the cell aging; however, we believe that at po-
tentials above the threshold voltage for oxygen release, accompanied
by the formation of surface spinel and rock-salt layers, the degra-
dation of the electrolyte by reactive oxygen species is a dominant
factor governing cell aging as it causes the formation of protic species
and HF. The latter may cause transition metal dissolution from NMC
and its precipitation on the anode eventually leads to a loss of active
lithium.44,48–50 The impedance growth due to the formation of a sur-
face film has a significant effect on the capacity fade at 25◦C, where
the capacity losses at 0.1 C and 1 C differ significantly at upper cutoff
potentials >4.4 V (see Figure 7a), i.e., the capacity loss between the
first and last cycle at the respective C-rates and 4.6 V upper cutoff
potential is 64 mAh/g in the case of 0.1 C, while it is 88 mAh/g at 1 C
indicating that a significant portion of the additional capacity loss at
the latter C-rate is caused by an increasing resistance during cycling.
In contrast, at 40◦C the capacity losses for 4.6 V upper cutoff poten-
tial are rather similar with 154 mAh/g and 162 mAh/g at 0.1 C and
1 C, respectively (Figure 7b). At 50◦C the capacity losses for 4.6 V
upper cutoff potential are 195 mAh/g and 200 mAh/g at 0.1 C and 1
C, respectively, (Figure 7c) proving that the capacity loss is affected
to a minor extent by a growing impedance. At higher cycle numbers
(>100), we observed that the graphite anode potential dropped below
0 V vs. Li+/Li during charge for cells with upper cutoff voltages of
4.6 V and even some with cutoffs of 4.5 V. The drop of anode potential
below 0 V suggests the possibility of a Li-plating side reaction, which
is likely a consequence of a drop of anode porosity associated with
the growth of SEI as reported previously.46 This additional growth
of the SEI at ≥4.5 V may be a consequence of the electrolyte de-
composition products formed on the cathode, being released into the
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Figure 8. Temperature dependence of amounts of evolved O2 (black bars),
CO (light blue bars), and CO2 (dark blue bars) due to oxygen release and
subsequent chemical electrolyte oxidation as well as CO2 evolved due to EC
hydrolysis (pink bars) extracted from Figures 1–3. The values for CO and CO2

are extracted from Figures 1–3 according to the following procedures: i) the
here plotted amounts of CO are the total amount of evolved CO minus the
amounts of CO evolved due to SEI formation on the graphite (dashed lines in
Figures 1–3); ii) the CO2 due to EC hydrolysis (pink bars) are the measured
CO2 amounts measured within the first three hours since during that period it is
the only source of CO2; and, iii) the values for CO2 due to oxygen release (dark
blue bars) are the amounts measured with the beginning of oxygen release until
the end of the CV step in the first cycle.

electrolyte and damaging the anode SEI (via the so-called cross-talk
phenomenon).27,51,52

Discussion

Temperature dependent gas evolution of NMC622-graphite
cells.—Oxygen release was observed at 25, 40, and 50◦C (Figures
1–3) starting at cell potentials of 4.42, 4.38, and 4.36 V, respectively.
The onset of oxygen release occurs in all three cases at an SOC of
∼81%, indicating that at this SOC the layered structure becomes so
instable that it decomposes under release of lattice oxygen. The slight
shift in the onset potentials is therefore only due to lower overpoten-
tials at higher temperatures, i.e., the same SOC is reached at lower
cell potentials as the temperature increases. Interestingly, the same
SOC was observed for the oxygen release in our previous publication
for NMC111, −622, and −811 from another vendor, even though the
onset potentials were different.7 In a recent study, we also observed
that at least part of the oxygen was released as singlet oxygen (1O2)
at ∼80% SOC in case of NMC111, NMC811, and lithium-rich HE-
NCM.11 Additionally, in several reports by the group of Manthiram,
oxygen loss from the surface of layered oxides delithiated chemi-
cally was observed at ∼70–90% SOC for NMC11153 as well as for
LiNi0.5Co0.5O2, and LiNi0.85Co0.15O2 (LNCO).54,55

In the following we will have a closer look on the amount of
evolved gases in the NMC622-graphite cells as a function of temper-
ature (Figures 1–3) to derive the activation energy of the processes.
Figure 8 summarizes the amounts of evolved O2, CO, and CO2 due
to oxygen release and subsequent chemical electrolyte oxidation as
well as the CO2 evolution due to EC hydrolysis. The O2 amounts
were simply determined by the maximum of the O2 signal (black
bars), whereas the CO amounts (blue bars) had to be corrected for
the amounts due to SEI formation, so that only the amounts of CO
formed as a consequence of oxygen release are accounted for. While
the latter correction can be done quite easily as CO evolution from
SEI formation is well separated from the one occurring during oxygen
release, a precise quantification of the CO2 amounts is more difficult
since the processes causing CO2 evolution (EC hydrolysis, electrolyte
impurity oxidation, chemical electrolyte oxidation, decomposition of

carbonate impurities) overlap. To extract the amounts and determine
the activation energy of EC hydrolysis (pink bars), the CO2 amounts
evolved within the first three hours of the charging step were extracted
from Figures 1–3. Within that period of time the CO2 evolution from
EC hydrolysis does not overlap with any of the other processes. It
is important to mention that after three hours, EC hydrolysis is still
ongoing so that the given amounts do not account for the complete
CO2 evolution related to EC hydrolysis. Nevertheless, due to the lin-
ear increase of the CO2 signal during this period the absolute amounts
do not influence the calculated activation energy. The CO2 caused by
chemical electrolyte oxidation due to oxygen release from NMC (dark
blue bars) was determined as the CO2 evolved right after the onset of
oxygen release (vertical dashed line in Figures 1–3) until the end of
the CV-step of the first charge. Clearly, the hereby determined CO2

amounts will be somewhat inaccurate and are only a very rough es-
timate as the CO2 evolution overlaps with EC hydrolysis, electrolyte
impurity oxidation, and chemical decomposition of carbonate surface
impurities on the NMC (acc. to Eq. 2). Yet, because of the rather high
CO2 evolution rate during oxygen release, it can be attributed to the
largest extent to CO2 evolved due to chemical electrolyte oxidation.
Unfortunately, a reliable quantification of the electrolyte impurities
causing CO2 evolution is with the presented data not possible and
will therefore not be considered for the evaluation of activation ener-
gies. Figure 8 clearly demonstrates the temperature dependence of the
oxygen release as well as the dependence of EC hydrolysis on the tem-
perature. Assuming that chemical EC oxidation due to oxygen release
proceeds according to an overall net reaction EC + 2 O2 → 2 CO2

+ CO + 2 H2O and using the calculations described in detail in our
previous work,7 we can estimate the oxygen depleted surface layer
thickness using the gas amounts summarized in Figure 8. At 25◦C
the estimated layer thickness corresponds to 4 or 7 nm, depending
on whether a spinel or rock-salt layer is assumed, respectively. After
the four cycles it grows to 10–16 nm, which is similar to the values
of 7–12 nm, calculated in similar experiments for NMC111, −622,
and −811.7 After the first cycle, layer thicknesses of 8–12 nm and
11–16 nm are predicted on this basis for 40 and 50◦C, respectively,
growing to 14–22 nm and 20–30 nm after the fourth cycle. The cal-
culated layer thicknesses based on the amount of evolved gases give
only a rough estimate. Nevertheless, they do match very well the ob-
served thicknesses from previous reports.6,12,14 For instance, Muto et
al. reported a rock-salt type layer formation on the surface of NCA of
up to 100 nm after 500 cycles at 80◦C.14 Jung et al. studied NMC532
in the voltage range between 3–4.8 V after 50 cycles at room temper-
ature and found spinel and rock-salt layer thicknesses of 12–15 nm
and of 2–3 nm, respectively.6 Abraham et al. reported 35–45 nm thick
rock-salt layers on the surface of LiNi0.8Co0.2O2 after calendaric aging
of a charged electrode at 60◦C for 8 weeks.12 Despite the fact that the
applied procedures are not the same we used in our work, the range
of reported surface layer thicknesses from 2 nm up to 100 nm clearly
show that the surface layers can grow significantly. This also should
be expected considering that at high degrees of delithiation the lay-
ered NMC structure is thermodynamically less stable than the spinel
and rock-salt phases. Therefore, the phase transformation on the sur-
face is kinetically controlled, so that growing thicknesses at higher
temperatures and longer cycling should be expected. Additionally,
the rather good agreement between the approximate layer thicknesses
projected from OEMS data and observed by high-resolution trans-
mission electron microscopy (HR-TEM) was demonstrated in recent
measurements with over-lithiated HE-NMC.56 In the ultimate case of
high temperatures >170◦C the phase transformation becomes even a
bulk effect and the complete particle may eventually transform into
the spinel/rock-salt structure.9,16,17

In Figure 9, the evolved amounts of gas during the first charge
determined in Figure 8 are plotted in an Arrhenius-type plot. For each
gas and temperature, a linear curve is fitted through the data points.
Interestingly, the slopes of the linear fits of O2 (black line) as well as of
CO (light blue line), and CO2 (dark blue line) estimated to be derived
from the chemical reaction with released oxygen are very similar.
This correlation once again supports the previous findings that the
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Figure 9. Arrhenius-type plot of the evolved O2, CO, and CO2 due to oxygen
release and subsequent chemical electrolyte oxidation as well as CO2 evolved
due to EC hydrolysis, using the estimated values given in Figure 8.

oxygen release from layered oxides is responsible for most of the CO2

and CO evolution (chemical electrolyte oxidation).7,10 Multiplying
the slope of the linear fit curves by –R × ln(10), with R being the
universal gas constant, yields an activation energy in the range of ∼25–
29 kJ/mol. In contrast, the resulting slope for the CO2 evolved due to
EC hydrolysis (pink line) is significantly steeper. The corresponding
activation energy is ∼58 kJ/mol, reasonably close to the reported
value of ∼40–50 kJ/mol by Metzger et al.,41 thereby supporting our
hypothesis that the initial linear increase of the CO2 evolution in
NMC-graphite cells is due to the OH− catalyzed hydrolysis of EC
(acc. to Eq. 4).

Temperature dependence of the specific energies of NMC622-
graphite cells.—Figure 10 depicts the measured specific energies
based on the cycling data shown in Figure 7. The total height of
each bar represents the initial specific energy obtained at a rate of
0.1 C (2nd cycle), while the upper end of the uppermost hatched bars
represent the initial specific energy at 1 C-rates (5th cycle). The spe-
cific energy after aging is shown by the upper end of the lower hatched
bars, shown only for 1 C-rate (312th cycle), because less than 5% of
the cycles are actually done at 0.1 C-rate so that the energy loss of

Figure 10. Measured specific energies of the 2nd (at 0.1 C-rate) as well as of
the 5th and 312th cycle (both at 1 C-rate) cycle of the NMC622-graphite cells
shown in Figure 7.

these few cycles will not represent the true energy loss of the mate-
rial at 0.1 C cycling. With increasing temperature and constant upper
cutoff voltage, the initial specific energies at both rates are increased
because of the increased capacity (Figure 7), yet at the expense of a
shorter lifetime as indicated by the growing specific energy difference
between the 5th and the 312th cycles (indicated by the height of the up-
per hatched bars). Furthermore, with increasing upper cutoff potential,
the measured specific energies also increase, yet as the cutoff potential
exceeds 4.4 V, the potential at which the onset of oxygen evolution is
observed, significant fade of the specific energy is observed.

Andre et al. defined specific energies of 750 ± 100 mWh/gcathode

as a necessary target to reach a driving range of 300 miles under the
assumption of the BMW i3 battery pack.2 If we compare this value
with the measured initial specific energies shown in Figure 10, we
can see that NMC622 cannot achieve the target using a cutoff poten-
tial of 4.2 V (black bars), not even at 0.1 C rate and at 50◦C (∼640
mWh/gNMC). Therefore, even with NMC622 as cathode material, cut-
off potentials >4.2 V are required to reach the necessary specific
energy targets. At cutoff potentials of 4.3 V (green bars) and 0.1 C
rate, the measured initial specific energies are all within the target re-
gion and increase from ∼675 mWh/gNMC at 25◦C, ∼685 mWh/gNMC

at 40◦C to ∼700 mWh/gNMC at 50◦C. To reach the target region at a
1 C-rate, the cutoff potential needs to be further increased to 4.4 V
(red bars), where initial specific energies of ∼650 mWh/gNMC, ∼685
mWh/gNMC, and 695 mWh/gNMC can be reached at 25, 40, and 50◦C,
respectively. However, 4.4 V for this specific NMC622 material is
right at the potential where oxygen release occurs, so that slight over-
charging may cause a fast capacity decay, as is observed when the
upper cutoff potential is 4.5 V (blue bars).

Conclusions

Studying the temperature dependence of oxygen release from lay-
ered LiNi0.6Mn0.2Co0.2O2 (NMC622) in NMC622-graphite cells, we
found that the potential of oxygen release decrease with temperature
from 4.42 V at 25◦C, to 4.38 V at 40◦C, to 4.36 V at 50◦C. As at
all temperatures the state-of-charge (SOC) at which oxygen release
initiated was always ∼81%, the decreasing onset potential for oxygen
release with increasing temperature is simply due to reduced polariza-
tion. The oxygen release is ascribed to the formation of surface spinel
and/or rock-salt phases once the SOC exceeds ∼81%. Additionally,
we showed that the total amount of released oxygen increases with
increasing temperature, indicating the formation of thicker surface
layers.

Simultaneous with the release of oxygen from the NMC surface,
CO2 and CO evolve as a consequence of the reaction of released oxy-
gen with the alkyl carbonate electrolyte. Consequently, with growing
temperature also the amounts of CO2 and CO increase. Performing an
Arrhenius-type analysis, we demonstrated that the extent of O2 release
and the concomitant evolution of CO2 and CO exhibit very similar
temperature dependences, underlining that they have the same origin.
Further experiments showed that there are two additional sources of
CO2 prior to the onset of oxygen release, both of which are only ob-
served within the first charge cycle. In particular, OH− driven hydrol-
ysis of EC forming CO2, whereby OH- is produced by the reduction
of trace H2O at the graphite anode to H2 and OH−, and electrochem-
ical oxidation of electrolyte impurities like ethylene glycol starting
around 4 V. Experiments with 13C-labelled ethylene carbonate (13EC)
showed that the decomposition of (lithium) carbonate surface contam-
inants on NMC proceeds via a reaction with HF, which is formed as
a consequence of oxygen release and chemical electrolyte oxidation.
It is therefore not linked to a direct electrooxidation of the carbonate
contaminants.

Lastly, we also showed that charging NMC622-graphite cells to
potentials >4.4 V, i.e., above the onset potential for O2 release, leads
to very poor cycling performance. Cycling only to 4.2 and 4.3 V, i.e.,
remaining below the onset potential for oxygen release, resulted in a
rather stable cycling performance.
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