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Water inside a Li-ion battery (LiB) can be detrimental to its performance and even degrade cathode active
materials (CAM) in combination with CO; during production. This degradation may originate from sorption of
water and CO; in CAM. Moisture management aims to control this sorption process, minimize degradation, and
reduce water carried into the cell during production. Controlling these sorption processes requires understanding
the kinetics that restrict the mass uptake of water and CO, in CAM. This manuscript provides time-resolved
sorption data for Li[Nig¢Cog2Mng2]02 (NMC-622) and Li[NipgCop1Mng 1102 (NMC-811) cathodes as elec-
trodes and NMC-622 CAM as powder in various humid atmospheres. The exposed material was processed to full
coin cells and electrochemically tested. The sorption behavior of cathodes in air at 72%-RH is restricted by ki-
netics depending on material chemistry. Experiments showed the difference in sorption behavior of NMC-622 in
humid atmospheres with and without CO. The exposure of CAM to humid atmospheres with various COy
concentrations showed that cell performance decreases with increasing CO5 concentration in the atmosphere —
linking a defined mass uptake of NMC-622 from water and CO; to a capacity loss. The overall mass uptake
detected at industrially relevant conditions in NMC-622 in four days is ~250 wt-ppm, which has little but

noticeable effect on cell performance.

1. Introduction

The atmosphere in the production facility of lithium-ion batteries
(LiB) influences the cell performance, because water and carbon dioxide
(COy) interact with the components of a LiB cell [1-6]. A LiB-cell pro-
duction process consists of the electrode production as well as cell as-
sembly and cell conditioning [1]. Depending on the process
configuration the active material of the cell may be exposed to the
production atmosphere until the cell is filled with electrolyte and sealed.
Ample publications discuss the negative effect of water (either absorbed
from production atmosphere or as solvent residue from water-based
coating processes) on the cells performance [7-10]. It has also been
shown that cathode active materials (CAM) chemically bind water and
CO4 which degrades the material and affects cell performance as well
[11,12]. Mitigating the effects of water and CO; is essential for pro-
ducing LiBs efficiently while conserving energy and material resources
[11-13]. Understanding the interaction between the CAM and water and
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CO4 if the CAM is exposed to humid atmospheres is the first step to
mitigate the effects of water and CO».

The motivation of this study is to understand the interaction between
CAM and water and CO,, which chemically degrade the CAM through
chemisorption. The effect of chemical degradation has been shown by
many studies. Schuer et al. exposed the CAM Li[NiggCop1Mng 1]02
(NMC-811) to humid air and demonstrated a change in the surface
morphology along with a negative effect on the cell performance [14].
Sicklinger et al. and Jung et al. provided detailed insights into the effect
of the chemical degradation on cell performance as well as the under-
lying chemical reactions [15,16]. Chen et al. varied exposure times to
humid air and showed the effects of the resulting degradation on the
CAM [17]. These studies show the importance of controlling CAM
degradation.

The described chemical interaction takes place throughout the pro-
duction chain of the electrodes during which the CAM is exposed to air.
The formation of hydroxy species is the first step during which metal, e.
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g., lithium from the CAM, reacts with water [18]. Subsequently, these
hydroxy species may react to carbonates with the CO, from ambient air
[19]. Zou et al. found a passivating layer of LiOH on the surface of Li
[Ni0.3C00.3Mn0V3] 02 (NMC-l 11), Li [Ni0_6C00_2Mn0_2] 02 (NMC-622), and
NMC-811, whereby the layer thickness grows with increasing nickel
content [18]. Furthermore, water uptake in the form of hydrates could
also occur in the presence of hydroxy species [20]. Sicklinger et al.
investigated the reversibility of these species and showed which mole-
cules desorb from deteriorated CAM as a function of temperature [15].
These studies fundamentally investigate the possible mechanisms of
CAM degradation during the production of electrodes.

This work provides insights into the sorption of water and CO2 in
NMC-622 cathodes and powder at defined atmospheres. Experiments
were conducted with air and nitrogen and CO5 at defined dew-point
temperatures. An electrochemical analysis assesses the severity of the
exposure after a defined mass-uptake of CO5 and water. The novelty of
this study is experimental data of time-resolved sorption kinetics of CAM
as raw material in atmospheres with varying CO5 concentrations asso-
ciated to cell performance data. Additionally, this experimental data is
evaluated regarding limiting mass-transport resistances. This study aims
to incorporate the present fundamental knowledge to interpret the ex-
periments from a process engineering perspective.

2. Materials and methods

The cathodes for sorption experiments in the desiccator were pro-
duced according to Huttner et al. and Heck et al. [21,22]. The anodes for
the sorption experiments in the desiccator were prepared according to
Kumberg et al. [23]. The CAM NMC 622 from BASF was used as received
and transferred into sample vials in a glove box. Electrode production
for cell testing is indicated below.

Setup 1: A super-saturated salt solution, made from Strontium
Chloride Hexahydrate (Carl Roth GmbH & Co. KG, Germany) and
distilled water, adjusted the relative humidity inside the desiccator. The
sample vials were placed on a perforated bottom inside the desiccator.
The perforated bottom allows gas exchange inside the desiccator. With
increasing time intervals, the sample vials, filled with cathode elec-
trodes, were weighed. This routine consisted of sealing the vials via
ground-joint lids and transferring them to a high-resolution balance. The
sampling of the cathode electrodes was performed in triplets and sam-
pling of the anode electrode in doublets.

Setup 2: The sorption apparatus, schematically shown in Fig. 1,
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measures time-resolved sorption curves and isotherms. This setup has
been used in multiple studies to assess sorption behavior of battery
materials and others [2,24-27]. A mass change of 10> g in the sample
can be logged over time. The atmosphere in the measurement cell is
adjusted via a mixture of water-saturated and pure gases [25,28]. This
setup was used to probe CAM as raw material.

Exposition of CAM in addition to Setup 2: Additional CAM as raw
material (for cell testing) was exposed to the same gas stream that
perfuses through the measurement cell. The CAM was evenly distributed
in a petri dish placed under a nozzle in the desiccator, cf. Fig. 1. The gas
outlet of the desiccator via a receiver adapter was placed in the same
ground socket in the desiccator, to assure a uniform gas flow field inside
the desiccator. After exposure, the CAM as raw material was transferred
into a glovebox, processed to cathodes, and prepared for cell testing.

To investigate the impact of the CAM exposition on electrochemical
performance, coin full-cells were built. Table 1 provides the composition
and target properties of the electrodes for the coin cells.

2.1. Slurry mixing

To prepare the anode slurry, sodium carboxymethyl cellulose (CMC)
(Merck, Germany) and distilled water were mixed at 2000 rpm for 40
min in a disperser (FM10, VMA-Getzmann, Germany). Using a rotary
revolution mixer (Speedmixer DAC 1100.2 VAC-P, Hauschild, Ger-
many), Graphite (SMG-A5, Showa Denko, Japan) and a conductive ad-
ditive (Super C65, Imerys, France) were dry mixed at 1400 rpm for 1

Table 1
Composition and target properties of the electrodes for the coin cells.
Anode Cathode
Material Fraction = Material Fraction
Composition  Active material Graphite 94 wt% NMC- 96 wt%
622
Binder 1 CMC 2 wt% PVDF 2 wt%
Binder 2 SBR 3 wt% - -
Conductive 65 1wt%  C65 2 wt%
additive
Areal capacity 3.2 mAh cm 2 2.9 mAh cm 2
Porosity 30% 30%
Properties E?ectrode 15 mm 14 mm
diameter

Current collector Copper / 12 pm Aluminum / 15 pm

EE-

Fig. 1. Sorption apparatus in perfusion mode. The scale (SC) weighs the sample inside the closed and conditioned measurement cell (MC) via a magnetic suspension
(MS). Additional material is exposed to the same gas stream in the desiccator. Pressure (p) and temperature (T) indicators monitor the process. The MC is perfused
with gas from various dry-gas sources dosed via mass-flow controllers (MFC). The gas streams air and nitrogen are separated to saturate one stream with water. The
settings of the MFC adjust the atmosphere in the MC and desiccator. The dew-point indicator (DPI) measures the water content of the gas stream.
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min. Subsequently, the powder was added to the binder solution and
mixed for 45 min at 2000 rpm in the disperser. With the addition of
styrene-butadiene rubber (SBR BM-451-B, Zeon, Japan), the speed was
reduced to 500 rpm and mixed for additional 20 min. Finally, degassing
was performed in the rotary revolution mixer at 600 rpm and 250 mbar
for 5 min. The slurry exhibited a solid content of 52 wt%.

For the cathode slurry preparation, environmental impacts were
completely excluded by using an argon-filled (cg20 < 1 ppm, co2 < 1
ppm) glove box (GS MEGA E-LINE, GS Glovebox, Germany). Weighing
and dosing of the slurry constituents were performed inside the inert gas
environment, whereas for the mixing steps, the mixing container was
transferred out of the glove box system in a sealed state and mixed
within the rotary revolution mixer. The first step involved dry mixing a
conductive additive (Super C65, Imerys, France) with polyvinylidene
fluoride (PVDF Solef 5130, Solvay, Belgium) at 1000 rpm for 1 min.
Next, N-methyl-2-pyrrolidone (NMP) (Merck, Germany) was added and
mixed three times at 1600 rpm for 10 min with a 5 min break in between
for cooling. Finally, NCM-622 (HED NCM-622, BASF, Germany) was
introduced and mixed two times at 600 rpm for 10 min. The final solid
content of the slurry was 55 wt%.

2.2. Coating, drying, calendering

The anode slurry was coated onto a 12 pm thick copper current
collector (Schlenk, Germany) with a roll-to-roll coater (BC 50, Coatema,
Germany) and doctor blade application using a web speed of 0.5 m
min~!. The three infrared dryers operated at temperatures of 45, 50, and
55 °C, resulting in an anode active material mass loading of 9.0 mg cm ™2
(dry anode thickness of 70 pm). To reach the target porosity of 30%,
calendering was performed on a calendering machine (EA 102, Coat-
ema, Germany) with a maximum line load of 1000 N mm ! and a roller
diameter of 400 mm at a roller speed of 0.1 m min~'.

The cathode was coated inside the glove box system on an aluminum
current collector foil with a thickness of 15 pm (1100-L, Hydro, Norway)
using an automated film coating device (AB3652, TQC Sheen, USA) with
a doctor blade (ZUA 2000, Zehntner, Switzerland) at a coating speed of
50 mm s~ !. The cathode active material mass loading yielded 17.1 mg
cm™2 (dry cathode thickness of 98 pm). The coated sheets were then
vacuum-dried in the vacuum lock of the glove box system for 12 h at
70 °C with 20 vacuum and purging cycles between 120 and 570 mbar
lasting 2 min each. Subsequently, the cathodes were compressed to the
target porosity of 30% with a pressure of 3575 kg cm ™2 and a holding
period of 30 s via a uniaxial laboratory press (MP250, Maassen,
Germany).

2.3. Cell assembly

The coin cells were assembled in the argon-filled glove box system.
Before cell assembly, the components were vacuum-dried in the vacuum
lock of the glove box system for 12 h at 90 °C and 120 mbar to reduce the
residual moisture. All cells were composed of an anode (diameter of 15
mm, absolute capacity 5.67 mAh), a cathode (diameter of 14 mm, ab-
solute capacity 4.47 mAh) (N/P ratio of 1.1), a 200 pm thick glass-fiber
separator (diameter of 16 mm, Type 691, VWR, USA), two metal spacers
(thickness of 1 and 0.5 mm), and a contact spring. As electrolyte, 100 pL
of LP572 (BASF, Germany) containing 1 M lithium hexafluorophosphate
(LiPFg) conducting salt dissolved in a mixture of ethylene carbonate (EC)
and ethyl methyl carbonate (EMC) in a mass ratio of 3:7 and 2 wt%
vinylene carbonate was used and portioned onto the separator. For each
test series, four coin cells were produced for a statistical evaluation.

2.4. Cell testing
To investigate the electrochemical behavior of the cells, formation

and a rate capability test were conducted using a battery cycling system
(CTS Lab, BaSyTec, Germany) and a climate chamber (ED-115, Binder,
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Germany) providing a constant temperature of 25 °C. The formation
involved three charge-discharge cycles between the lower cutoff voltage
of 2.9 V and the upper cutoff voltage of 4.2 V. For charging, a constant
current (CC) of 0.1C was applied, whereby in the third cycle, a constant
voltage (CV) phase at 4.2 V was added until a current below 0.02C was
reached. Discharging was performed at a CC of 0.1C. The charging cycles
in the rate capability test were carried out with a CC of 0.1C up to 4.2 V
with an additional CV phase until the current fell below 0.02C. The
discharge cycles comprised CC of 0.1C, 0.2C, 0.5C, 1C, 3C, and 5C,
performing three cycles at each C-rate until the lower cutoff voltage of
2.9 V was reached. Subsequently, three check-up cycles were added,
with CC charging and discharging at 0.1C and a CV charging phase at
4.2 V until the current dropped below 0.02C. The currents during for-
mation were based on the theoretical capacities of the cells. For the C-
rates in the rate capability test, the measured capacity of the third for-
mation cycle was considered.

3. Results and discussion
3.1. Electrodes exposed to humid air (Long exposure)

In a long-term sorption experiment, displayed in Fig. 2, NMC-622
and NMC-811 cathodes (preparation cf. [22,29]) and graphite anodes
were placed in humid air.

This experiment shows the different characteristics of the sorption
behavior of graphite anodes and NMC cathodes in air. The y-axis plots
the mass uptake in weight parts per million (wt-ppm) and the x-axis
plots the uptake time in days. Each data point represents the average of
three samples (two samples in case of the anodes) and their respective
standard error. This sorption experiment took place at a relative hu-
midity (RH) of 72% at room temperature (~ 22 °C), corresponding to a
dew-point temperature (DPT) of 17 °C.

The sorption of components of the atmosphere in these electrodes
occurs on different time scales. The anodes reach their sorption equi-
librium after ~30 h and do not change their mass over the course of this
experiment excluding slight fluctuations. This observation confirms

25000
@ Graphite anode
€ NMC-622 cathode
20000 | § NMC-811 cathode § § §
g ¢
& $ ¢
£ 15000 | §§ T=22°C
P §§§ RH =72 %
E & §§ DPT=17°C
3 10000 | ﬁég
* s8¢ 9
s % s ®?® *
£
5000 38 sssssss 53 5o g
0 1 1 1 1
0 20 40 60 80 100

Uptake time / days

Fig. 2. Mass uptake over time of Li-ion battery electrodes in humid air (in a
desiccator, setup 1) at room temperature. The mass uptake over time propa-
gates differently for anode and cathodes. The anode quickly reaches equilib-
rium with the atmosphere, while the cathodes express (compared to the anode)
a slow and steady mass uptake, with no equilibrium after 100 days of exposure.
The chemistry of the NMC affects the mass uptake. The experiment indicates
that the chemical reactions on the CAM limit the mass uptake.
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previous studies, which showed that the components of graphite anodes
physically ad- and absorb water [2,25,26]. These anodes serve as a
control to ensure that the conditions in the desiccator are constant over
time and the results of sorption experiments in the desiccator (setup 1)
are plausible.

The cathode's sorption behavior in humid air differs from the anode's
sorption behavior in humid air. The mass increase over time of the NMC
cathodes is slower compared to the mass increase of the graphite anodes.
Additionally, the rate of mass increase of the NMC-811 cathode is larger
compared to the one of the NMC-622 cathode. Unlike the anodes, the
cathodes do not reach an equilibrium state with the surrounding at-
mosphere in the considered time frame (up to 100 days). After 20 days
the mass uptake of the cathodes transitions into an approximately linear
mass uptake that slowly decreases over the course of the experiment.

Several kinetic factors could be responsible for the mass uptake of the
cathodes. The mass transport of water and CO» from the bulk of the gas
phase to the surface of the cathodes, the adsorption kinetics of these two
molecules to the surface, and the reaction kinetics of the hydroxide and
carbonate formation.

The electrode samples all have the same dimensions and rest in
identical weighing glasses. If gas-phase mass transport of water to the
electrode surfaces were the dominant kinetic process, the mass uptake of
all three electrodes would either be identical or larger for the cathodes
(because of the additional COy uptake). The anode only absorbs water
and initially has a larger mass-uptake rate than the cathodes, it can
therefore be concluded that enough water for adsorption, absorption
and chemisorption is present at the surface of the cathodes. This in-
dicates that the water mass transport in the gas phase does not limit the
mass uptake of the cathodes.

As the mass uptake rate of the cathodes depends on the chemistry of
the active material, it appears that the reaction kinetics on the cathodes
are responsible for the mass uptake over time. An overlap of these re-
action kinetics and the mass transport of CO5 to the surfaces of the
cathodes is possible.

This experiment shows that the sorption of graphite anodes and NMC
cathodes are different regarding time scales, equilibria, and kinetics.
Chemical reactions appear to be a responsible kinetic factor for the mass
uptake of NMC cathodes in humid air. The cathodes with a larger nickel
content have a larger mass uptake.

3.2. Effect of humid nitrogen vs. humid air

Any following results were obtained with NMC-622 raw material to
exclude influences of other components of an electrode (e.g., binder and
current collector). A differentiation between the sorption of water and
CO5 in CAM and the sorption of just water in CAM is possible by
changing the atmosphere. Chen et al. found that the chemical reaction of
NMC-811 and CO; is triggered by the presence of water [30], similar
mechanisms are expected for NMC-622. Using high resolution trans-
mission electron microscopy (HRTEM), Zou et al. showed that NMC-811
is noble against CO5, O2, and Ny [18]. Furthermore, they showed that
the hydroxide formation in the presence of water on the surface of NMC-
811 is self-passivating. Once this hydroxide layer is formed, the material
is no longer noble against CO2 and carbonate forms on its surface [18].
Fig. 3 shows mass uptake over time in humid atmospheres made of air
and nitrogen measured in a magnetic sorption balance (setup 2).

The samples were exposed to nitrogen and air at a RH of 2.3% (DPT
= —20 °C). During the sorption experiment in the nitrogen atmosphere
the NMC-622 reaches equilibrium at ~60 wt-ppm. During the sorption
experiment in the air the NMC-622 does not reach an equilibrium. The
mass uptake continues for 100 h. O,, CO» (and small quantities of noble
gases) are present in the gas phase during the sorption experiment with
NMC-622 in air in comparison to the sorption experiment with NMC-622
in nitrogen. Literature suggests that COy makes the difference between
these two experiments even at the low concentration of 400 vol-ppm in
air. As the sorption occurring in humid air does not reach an

Journal of Energy Storage 153 (2026) 120994

400
NMC- 622 powder @ Air
RTH _320 3%/0 | ® Nitrogen
320t DPT =‘-20 °C ‘ °®
i o®®®
g_ i : o0
- w®®
% 240} P
3 ’ o
K4 H
] O i
. | o | |
5 160 | g ® ;
7)) ) ! @ i i
g o |
= .0' i
8o} o° g ; |
..... ... —.-FII—-.-:IIIIII.F-IIIIII
0 i i i
0 40 60 80 100

Uptake time / h

Fig. 3. Sorption behavior of NMC-622 in humid atmospheres (air and nitro-
gen). The relative humidity is 2.3% in both atmospheres at an air temperature
of 30 °C. The mass uptake over time expresses a characteristic propagation for
each atmosphere. The sorption with water in nitrogen reaches equilibrium. The
sorption in humid air does not reach equilibrium. Red data points are repro-
duced with permission from [20] copyright [2024] American Chemical Society.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

equilibrium, there is no self-passivating effect.

The initial mass uptake (3h) of the sorption experiment in air is
similar to the sorption experiment in nitrogen. Both samples reach 50
ppm before the rate of the mass uptake changes. This shows that the
sorption responsible for this mass uptake occurs in both atmospheres.
After the initial uptake, the mass-uptake rate in humid nitrogen con-
tinues slowly, compared to the exposure to air, and reaches equilibrium.
The mass uptake in air also slows down after the initial uptake but re-
mains approximately constant over 100 h. This change indicates that
kinetics associated with CO5 on the surface of the NMC-622 restrict the
mass uptake, as it is the only difference (apart from inert Oy to the
sorption in nitrogen).

Consequently, the species formed during sorption experiments in
both atmospheres should differ. A desorption at two temperatures yields
information about the species. Carbonates and hydroxides such as LiOH
and Li;COs3 decay at temperatures above 500 °C [15]. Therefore, sorbate
with weak bonds should be desorbed at 115 °C, while other species will
remain intact. Fig. 4 plots the mass uptake as well as the residual mass
uptake after exposing the sample at 30 °C (dark blue bar) and at 115 °C
(light blue bar) to dry nitrogen.

The mass uptake is plotted in wt-ppm for experiments conducted in
air (Fig. 4, left) and nitrogen (Fig. 4, right). Both atmospheres had a DPT
= —20 °C (RH of 2.3%) during the sorption experiment. The determi-
nation of the residual mass uptake took place in dry nitrogen (DPT ~
—65 °C). The mass uptake in air is larger by a factor of five compared to
nitrogen for the same sample geometry and exposure time.

35% of the mass attached to the NMC-622 during the sorption
experiment in nitrogen desorbed at 30 °C (the temperature of the
sorption experiment). The residual mass at 115 °C is about 10% of the
initial mass uptake. This circumstance shows that the mass (in this case
water) requires more energy than available at 30 °C to detach. However,
most of the mass uptake is reversable at 115 °C, which is below the
degradation temperature of species e.g., LiOH, cf. [29].

In contrast, the reversible part after the sorption experiment in air is
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Fig. 4. Mass uptake of NMC-622 after sorption experiments and the residual
mass uptake after exposure to dry nitrogen at 30 °C and at 115 °C. The mass
uptake in air is larger compared to the one in nitrogen. The reversible mass
uptake at 30 °C is proportionally larger in nitrogen compared to air as is the
reversible mass uptake after exposure to dry nitrogen at 115 °C.

smaller. 11% of the mass detached from the NMC-622 at 30 °C and 39%
detached at 115 °C. Therefore, possible species that form are likely
carbonates and hydroxides, with higher degradation temperatures than
115 °C. This circumstance confirms the conclusion from the kinetic
observation from Fig. 3, that the mass uptake in air is a chemical reac-
tion of CO, and water with NMC-622. Further characterization of the
exposed raw material is possible via high-resolution transmission elec-
tron microscopy, scanning electron microscopy, X-ray diffraction, and X-
ray photoelectron spectroscopy as shown in other studies
[11,18,30-32]. The focus of this study is on the gravimetric analysis of
the chemical sorption, therefore, in the following, the mass that remains
attached to the raw material after exposure to 115 °C will be assessed via
calculation.

3.3. Evaluation of the chemically bound mass

The assumption that the irreversible mass uptake after desorption at
115 °C is the product of the chemical reactions leads to the evaluation
plotted in Fig. 5. This assessment puts the mass uptake from Fig. 4 into
perspective. Results from literature propose several possible reactions.
Sicklinger et al. found experimental evidence that the formation of basic
nickel carbonate is plausible [15]. Other studies claim the reaction from
lithium in the NMC-622 crystal to LiOH and Li;COj3 is the dominate
reaction [14,33-35]. The calculations for lithium and nickel assume that
all the mass uptake (cf. Fig. 4) is the product of either the lithium re-
action equations or the nickel reaction equations.

Fig. 5 plots the calculated mass fractions of lithium and nickel on a
logarithmic y-axis. The mass fraction of lithium and nickel in the pristine
particles is supplied by the producer. The mass fraction of lithium and/
or nickel possibly reacted during sorption is calculated based on the
irreversible part of the previous sorption experiment (Fig. 4). The mass
fraction of lithium and nickel on the surface of the particles is derived
from the BET-surface of the particles supplied by the producer. Addi-
tionally, it is assumed that lithium/nickel occurs on the surface of the
particles according to the chemical formula of NMC-622. In
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Fig. 5. Comparison of the chemical composition of the pristine particles to the
presumably reacted amount of lithium and nickel and the number of atoms on
the surface of the pristine particles in the CAM NMC-622. The calculation as-
sumes that either lithium or nickel is responsible for the irreversible mass up-
take from Fig. 4. Note the logarithmic scale of the y-axis. The calculation
shows that only a small fraction of the initial lithium of the CAM is chemically
bound, even less for nickel. However, the lithium/nickel-atoms on the surface
of the particle do not suffice to explain the irreversible mass uptake. This
suggests that the overall effect of this mass uptake is small. However, the sur-
face of the material should be heavily altered.

approximation, the atoms are spaced according to the a-lattice constant
in a cubic crystal structure (2.8 A [36], omitting the complex lattice
structure and its expansion during charging). The c-lattice constant is
the largest lattice constant. Therefore, this approximation overestimates
the number of atoms on the surface. Note the great difference of the mass
fractions, which is underrepresented by the logarithmic scale. Details of
the calculation can be found in the supporting information.

The mass fraction of lithium and nickel is ~1000 times larger than
the mass fractions of lithium and nickel that might have reacted during
the exposure to humid air (DPT = —20 °C). This comparison indicates
that most of the structure remains intact. Additionally, according to the
producer, the impurities of LiOH and Li,COg of the pristine material are
0.3 and 0.2 wt-%, respectively. Therefore, the initial impurities are one
order of magnitude larger than the amount of impurities added by the
exposure, also indicating the minor degradation effect induced by this
exposure.

However, if the atoms on the surface are compared to the fraction of
the reacted atoms, the exposure appears more severe: ~ ten times the
number of atoms on the surface react during exposure. Possible expla-
nations are the relocation of lithium to the surface of the material if
water is in the gas phase [18]. While the difference in exposure in at-
mospheres with and without CO is clearly observed, the quantitative
effect of the exposure on the overall mass content of the metals in the
particle is small. However, the surface structure should be heavily
altered, which aligns with various optical observations in literature
[11,15,19,30].

3.4. CO2-concentration variation in the gas phase

The following experiments are conducted to evaluate if controlling
the CO, concentration in the production atmosphere mitigates the
degradation of the CAM. The influence of exposing the CAM to defined
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atmospheres that contain water and CO5 on cell performance is assessed
at industrial humidity conditions. Furthermore, the influence of the
COs-concentration in the gas phase on the sorption kinetics is considered
based on the experimental data displayed in Fig. 6.

The data show the mass uptake of NMC-622 active material within
four days in wt-ppm. The mass uptake over time changes depending on
the CO; concentration (200, 400, and 800 vol-ppm CO3) in the humid
atmosphere (DPT of —38 °C). The mass uptake occurs in two approx.
linear rates: first the mass increases by 160 wt-ppm within 20 h, second
the mass increases by another 80 wt-ppm within the next 80 h. The mass
uptake of NMC-622 in the 800 vol-ppm CO, atmosphere is larger than
the uptake in the 400 vol-ppm CO, atmosphere. After the decrease in
uptake rate after 20 h, the mass of the samples exposed to 800 vol-ppm
CO; increases faster. The acceleration must result from the doubling of
CO5 concentration in the gas atmosphere, because all other parameters
remained constant.

The mass uptake in the 200 vol-ppm CO, atmosphere is insignifi-
cantly different compared to the 400 vol-ppm CO; atmosphere. The
standard error increases with decreasing CO, concentration in the at-
mosphere. An explanation for this increase could be the decreasing
precision of the mass-flow controller towards its lower adjustment limit.
The comparison of the 200 vol-ppm and the 400 vol-ppm CO5 atmo-
sphere exposure does not allow any conclusions. However, it confirms
the comparison of the mass uptakes in the 400 vol-ppm and 800 vol-ppm
CO4 atmospheres as a trend.

A simulation of the gas-phase mass transport of CO5 to the surface of
the active material shows that sufficient CO, molecules diffuse to the
surface to load the sample with 1000 wt-ppm CO; (cf. supporting in-
formation). The sample's mass-uptake of water and CO; is 250 wt-ppm
in total. This circumstance indicates that mass transport of COy from
the bulk of the gas phase to the surface of the NMC-622 is not limiting
the mass uptake.

The concentration of water in the atmosphere at a DPT of —38 °C is
160 ppm, which is less than the CO5 concentration. It must be discussed
whether water limits the mass-uptake. Experimentally, if the water
concentration of the gas phase was limiting the uptake rate, the mass-
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T=22°C
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Fig. 6. Sorption behavior of NMC-622 active material in humidified nitrogen
with additional CO,. The mass uptake increases with increasing CO5 concen-
tration in humidified nitrogen. The mass uptake after ~4 days is below 400 wt-
ppm for all CO, concentrations. Compared to the total mass uptake of the
experiment, the mass-uptake increase due to the change of CO, concentration in
the nitrogen is small.
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uptake in Fig. 6 would not be dependent on the CO5 concentration in
the gas phase. The formation of lithium hydroxide requires water.
However, the reaction of lithium hydroxide to lithium carbonate re-
leases water (cf. supporting information and e.g. [19]). If the released
water was available for further hydroxide formation, the carbonate
formation would be self-sustaining. This circumstance could explain the
experimental observation.

In absolute terms, the mass uptake in any case is rather small over
four days and a change in CO, concentration has a small effect on the
mass uptake for the investigated atmospheres. However, these experi-
ments also indicate that kinetics associated with the CO5 concentration
limit the mass uptake.

3.5. Electrochemical data

Along with the experiments from Fig. 6, additional CAM as raw
material was exposed to the same atmosphere as the weighed sample (cf.
Fig. 1). It is assumed that the additionally exposed NMC-622 experi-
enced a similar amount of mass uptake as the weighed sample, as it was
exposed to the same atmosphere at room temperature (DPT = -38 °C) for
the same time. This additional CAM was processed in argon filled glo-
veboxes into electrodes and eventually coin cells, which were tested.
The processing in gloveboxes after the defined exposure ensures that
further chemical sorption is mitigated. The impact of the exposure on
the electrochemical performance is shown in Fig. 7.

Plot a) shows the formation cycles of the coin cells produced with the
exposed CAM compared to reference cells produced with pristine ma-
terial that were not exposed. Cells with reference CAM and the CAM
exposed to 200 vol-ppm and 400 vol-ppm CO5 show similar specific
discharge capacities. This is indicated by the 0.1C cycles with over-
lapping standard deviations. A significant difference was observed for
the cells built from CAM exposed to 800 vol-ppm COs. The specific ca-
pacity is reduced by about 1.6%.

Plot b) shows an overall similar normalized C-rate performance for
all cells with overlapping standard deviations. However, a low standard
deviation for the cells containing CAM exposed to 800 vol-ppm CO is
noticeable. It shows that exposing CAM to an atmosphere with 800 vol-
ppm CO;, affects C-rate performance. The cells built with CAM exposed
to 800 vol-ppm CO5 perform worse than the reference in terms of rate
capability. This difference decreases minimally at 5C compared to the
2C and 3C cycles. The charge-transfer resistance seems to be impacted
by the CO; exposition at 800 vol-ppm CO3 of the CAM. The data of the
cells built with CAM exposed to 200 and 400 vol-ppm CO5 confirm this
trend.

Comparing the results of this study to similar studies is challenging
because the exposure time, relative humidity, used active materials, and
processing of the cells greatly vary. However, some studies allow a
qualitative comparison. Chen et al. built NMC-622 half-cells with pris-
tine material, and material stored in a humidity chamber at 55 °C and
80%-RH [17]. While the first cycles of their half-cells built with pristine
CAM show a specific capacity like the full cells of this study, the half-
cells built with stored CAM express a reduced specific capacity of <
—50%. This specific capacity reduction observed by Chen et al. is large
compared to the specific capacity reduction observed in Fig. 7. This
effect can be attributed to the different storage conditions. Fenske et al.
exposed graphite anode, NMC-622 cathode, and separator to humified
argon at DPT between 0 °C and - 60 °C during cell assembly [8]. They
focused on the effect of water content of the components on the cell
performance. The specific discharge capacity of cells assembled in an
atmosphere with a DPT of - 30 °C and below observed by Fenske et al.
ranges between 167 and 170 mAh/gcam. This specific discharge ca-
pacity is about 2% larger than the discharge capacity in this study.
Comparing the effect of storage conditions from this study to the effect
of the water content of the cell components is impossible. However,
considering both results show that a production atmosphere with a DPT
of - 40 °C has little effect on the cell performance, if the material is stored
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Fig. 7. Cell test results for full coin cells with differently CO,-exposed CAM. Subplot a) shows the formation cycles at a C-rate of 0.1C and b) the normalized C-rate
test cycles. The exposure of the cathode active material affects cell performance. The difference in the formation cycles of the unexposed reference and the material
exposed to 400 vol-ppm, and 200 vol-ppm is not statistically significant. The 800 vol-ppm exposed material performs slightly worse during formation than the other
samples. The results of the C-rate tests follow the trend of the results for the formation cycles.

or the cells are assembled in such conditions.

An unexpected observation is that the CAM exposed to 400 vol-ppm
CO4, performs slightly better than the CAM exposed to 200 vol-ppm CO.
However, as observed in the sorption data, this difference is not statis-
tically significant. The electrochemical results for the 800 vol-ppm CO,
variant are in line with the detected mass uptake from Fig. 6. The
reduction of the initial capacity could originate from carbonate forma-
tion, leading to the consumption of Li-ions. However, the overall dif-
ference is small, which indicates that the exposure in this study did not
strongly deteriorate the CAM. This shows that the variation of the CO5
concentration has only a little effect on the cell performance at a DPT of
—38 °C. Unprotected NMC-CAM with a higher nickel content are ex-
pected to be more susceptible to degradation. Analyzing the electrolyte
of the cells post mortem via nuclear magnetic resonance spectroscopy
[37-39] could provide information on how the degraded CAM affects
the decomposition reactions. However, such experiments are beyond the
scope of this study and are suggested for future studies.

4. Conclusion

This study probed the sorption of water and CO5 in NMC-622 and
NMC-811 cathodes. Focusing on the cathode active material NMC-622,
the sorption data shows time-resolved mass uptakes in various atmo-
spheres. These atmospheres range from (DPT ~16 °C) to industrial at-
mospheres (DPT ~ -40 °C). The following conclusions regarding
characteristics and kinetic limitations during the sorption of water and
CO4 in NMC-622 are possible.

The presence of CO2 changes the sorption characteristics of NMC-622
in humid atmosphere. Sorption with water and CO- is not passivating,
while sorption with water and without CO; is passivating at the
considered DPT. The bond of the absorbed molecules is stronger if CO5 is
present in humid atmosphere compared to the sorption in a humid at-
mosphere without CO,. An estimate suggests that the surface of the
material should be heavily altered. However, the overall mass uptake of
the CAM at conditions below a DPT of —20 °C is small after four days of
exposure. The electrochemical evaluation of the CAM after 4 days of
sorption at a DPT of —38 °C and 200, 400, and 800 vol-ppm CO, shows
that the small mass uptake, compared to the entire mass of the CAM, has
little but noticeable effect on the electrochemical performance of the
material. However, comparing the cell data of the unexposed reference
to the cell data of the CAM exposed to 800 vol-ppm CO, showed that the

cells built with exposed material performed worse. This effect is
attributed to a mass uptake of 250 wt-ppm.

Comparing the sorption kinetics of water and CO, in NMC-811 and
NMC-622 cathodes shows that material chemistry affects the mass up-
take rate. This indicates that material specific kinetics govern mass
transport, as sorption conditions for both samples were similar. The
variation of the CO, concentration during sorption suggests a kinetic
limitation associated with CO5 uptake. Carbonate formation, lithium
leaching, or a combination are imaginable. The effect of a variation of
the water concentration on the mass uptake was not specifically
addressed here and should be investigated as well.
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