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A B S T R A C T

Moisture management is an integral part of modern battery production. However, there is only little information 
available about the level of humidity in the production environment after which detrimental effects on cell 
performance set in. In this study, we investigate the impact of industry relevant levels of humidity on moisture 
resorption and electrochemical performance of Gr/NMC622-based Li-ion batteries utilizing two types of sepa
rator (one polyolefin and one with ceramic coating). The moisture resorption behaviour of all cell components 
was analysed in detail using Karl Fischer titration (KFT) and a magnetic suspension balance. The electrochemical 
performance was evaluated using PAT-cells that were assembled under identical humidity conditions and in 
parallel with the KFT sample preparation. We found a stable electrochemical performance for low dew points and 
an increase in irreversible capacity and internal resistance once a critical dew point was exceeded. By correlating 
residual moisture data and electrochemical performance, a common critical residual moisture content could be 
identified. The presented method allows, for the first time, to quantify the impact of residual cell moisture on 
electrochemical performance with high precision.

1. Introduction

It is widely recognized that water can have a detrimental effect on 
the performance and safety of lithium-ion batteries (LIBs). Conse
quently, effective moisture management is a crucial aspect of modern 
battery production [1–3]. Some LIB cell components display a high 
degree of reactivity towards water, resulting in significant material 
degradation if they are exposed to humidity during the storage or pro
cessing of the materials [4–17]. However, water from ambient humidity 
can be absorbed by all cell components, increasing their moisture con
tent and thereby subsequently introducing water into the battery cell 
[18–27]. Once inside the battery cell, the water may induce unwanted 
side reactions during battery operation.

The cell components that are most susceptible to direct reaction with 
water are the electrolyte and the cathode active material (CAM). The 
commonly used Li-salt LiPF6 can react with water, resulting in the for
mation of hydrofluoric acid (HF) [4–7]. This reaction takes place rapidly 
even at ambient temperature, resulting in a transformation of H₂O into 

HF at a ratio of 1:2 [5,7]. While HF itself is a dangerous side-product, it 
can also have a detrimental impact on battery performance by facili
tating further reactions with the solid electrolyte interphase (SEI) or the 
cathode electrolyte interphase (CEI) and the CAM once introduced into 
the battery cell [28–30]. Furthermore, CAMs that are based on Ni-rich 
transition metal oxides like LiNixMnyCozO2 (NMC) and LiNixCoyAlzO2 
(NCA) are known to degrade when exposed to ambient air. Due to their 
high specific capacity, there is an ongoing market transition towards Ni- 
rich CAM [31,32], which results in a continuous research interest 
regarding their atmospheric stability. Decreasing electrochemical per
formance after prolonged exposure to humid air has been shown for 
NMC523 [8], NMC622 [9,10], NMC811 [11,12], NMC851005 [13] and 
NCA [14,15]. It has been shown that the degradation of nickel rich CAM 
requires the presence of H2O as well as CO2 [33,34] and the observed 
performance decrease is often attributed to the formation of reaction 
layers consisting of LiOH and Li2CO3. Lou et al. visualized the formation 
of a passivating LiOH-layer on top of NMC811 after exposure to water 
vapour by cross-sectional high-resolution environmental transmission 
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electron microscopy [16]. This passivating LiOH layer further reacted to 
Li2CO3 in the presence of CO2, which may explain the continuous 
degradation observed by other studies. Indeed, the majority of studies 
investigating CAM degradation have been conducted under ambient 
conditions or in even more extreme conditions to accelerate the ageing 
process. In a recent study, Lechner et al. tested the critical moisture 
exposure duration of very high nickel NMC (91 mol% nickel) under 
industry-relevant dry room conditions for the first time [17]. Interest
ingly, they found no significant impact on electrochemical performance 
after a multiday storage at a dew point of around − 25 ◦C. This finding 
highlights that the degradation of CAMs occurs over significantly longer 
time periods than the adsorption of residual water.

In the production of batteries, the process of post-drying, also known 
as final drying or electrode/stack baking, is commonly employed to 
reduce the residual moisture content of cell components [1,20,21]. It is 
essential that all subsequent process steps occur within a dry room 
environment to prevent remoistening and ensure that the post-dried 
components retain a sufficiently low residual moisture content. Kos
feld et al. presented a comprehensive overview of various post-drying 
techniques and moisture management strategies employed throughout 
the production process [20]. The moisture adsorption potential of each 
cell component is mainly determined by the adsorption behaviour of the 
individual materials within the component. A mixture of carboxymethyl 
cellulose (CMC) and styrene-butadiene rubber (SBR) is typically utilized 
as binder material in state-of-the-art aqueous processed graphite (Gr) 
anodes [31]. However, CMC is the component that absorbs the highest 
amount of moisture among all battery materials [20]. For this reason, 
the water uptake behaviour of CMC-containing Gr anodes was exten
sively studied in the past [18,19,35]. NMC-based cathodes generally 
exhibit a lower moisture content than CMC-containing Gr anodes and 
their moisture content is mainly determined by the water adsorption of 
the CAM itself rather than by the water uptake of the commonly used 
binder PVDF [20,35]. The formation of hydrates in LiOH has been 
proposed as a possible sorption mechanism in NMC, which results in a 
significant increase in water uptake compared to the water uptake solely 
caused by physically adsorbed water at the surface of the CAM [36]. The 
water adsorption of separators can either be very low compared to other 
cell components, in the case of polyolefin separators, or in the same 
range as CMC-containing Gr anodes, in the case of separators containing 
ceramic particles [20,37]. For all cell components a hysteresis behaviour 
after post-drying was shown, leading to lower moisture contents during 
moisture resorption compared to moisture desorption [18,21]. An effi
cient design of post-drying procedures therefore requires know-how of 
the individual equilibrium conditions as well as the sorption kinetics of 
each cell component [21,35].

Once assembled into a battery cell, all cell components are connected 
by the electrolyte, which allows for the transfer of water from each cell 
component into the electrolyte. This may cause unwanted side reactions 
like HF formation [4,5], decomposition of water at the electrodes under 
battery operation conditions [38], and hydrolysis of electrolyte solvents, 
such as ethylene carbonate [39], resulting in changes to the SEI and CEI 
formation as well as the generation of excessive gassing. While it is 
widely accepted that an excessive water content is detrimental to battery 
safety and performance, there is a lack of information regarding the 
threshold at which detrimental effects set in. Burns et al. even found 
positive effects on the electrochemical performance of prismatic Gr/ 
LiCoO2, Gr/NMC and LiCoO2/Li4Ti5O12 cells upon the addition of up to 
1000 ppm water as electrolyte additive [40,41]. In a similar study Xiong 
et al. found no detrimental effects on the electrochemical performance 
of Gr/LiCoO2 pouch cells for up to 2000 ppm water [42]. In contrast, 
Zheng et al. reported a range of detrimental effects on the performance 
of 18650-type Gr/NMC cylindrical cells after intentionally injecting 
deionized water into the cell [43]. They reported an immediate reduc
tion in initial charge voltage, initial capacity, capacity retention and an 
increase in internal resistance following the addition of two or more 
milligrams of water. Although it is common to investigate the effect of 

water by adding water directly into the electrolyte/cell 
[29,30,38–40,42,43], this does not accurately reflect the real-world 
scenario, where water levels in the electrolyte are typically strictly 
controlled [4] and water is introduced primarily through residual 
moisture in cell components [20]. The advantage of adding water via the 
electrolyte is that it allows for precise control of the water content. In 
contrast, controlling and measuring the water content in cell compo
nents is much more challenging due to fast ad- and desorption kinetics. 
While previous studies, which have investigated the effect of residual 
moisture on cell performance by variations in post-drying conditions, 
have yielded valuable general insights, they often did not account for 
water adsorption and desorption during cell assembly and have not re
ported the moisture contents of all major cell components [23–26].

Reliable methods for water content determination are essential for 
the analysis and optimisation of moisture management strategies. 
Coulometric Karl Fischer titration (KFT) is a technique commonly 
employed to determine the water content of battery materials 
[4,20,23,27,30,37,38,44–47]. For solid materials, such as electrodes 
and separators, the indirect KFT method is employed. A detailed dis
cussion of various test procedures for indirect KFT was given by Kosfeld 
et al. [27] and Stich et al. [37]. In essence, the method detects the 
amount of water that is evaporated from a sample at a given oven 
temperature. The magnetic suspension balance (MSB) is an instrument 
used to study sorption phenomena in various fields of research [48–51]. 
The uptake of moisture in battery materials can also be measured using 
an MSB [18–20,35,36]. Test samples are conditioned and measured in a 
sealed, humidity- and temperature-controlled cell and the mass change 
of the sample is detected gravimetrically in real time. This direct 
detection of water uptake also allows the investigation of kinetic effects.

This study examines the moisture resorption behaviour of CMC- 
containing Gr anodes, NMC622 cathodes and two different types of 
separator (polyolefin and ceramic particle containing) under industri
ally relevant levels of humidity. NMC622 was chosen as CAM for this 
study because NMCs are currently the most widely utilized CAM in 
electric vehicles [32,52]. According to the International Energy Agency, 
NMCs with medium Ni content, such as NMC622 and NMC532, collec
tively accounted for more than one third of the total market share in 
2022 [52]. The water uptake and residual moisture of all materials are 
quantified using a magnetic suspension balance (MSB) and Karl Fischer 
titration (KFT). Laboratory-scale, three-electrode test cells were assem
bled using the intentionally moisturised cell components and were 
analysed for their formation behaviour, C-rate capability, internal 
resistance and cycling stability.

2. Materials and methods

2.1. Materials and electrode manufacturing

Table 1 provides an overview of all the materials used in this work, 
including the electrode recipe. The cathode slurry preparation was 
conducted using a planetary mixer (PMH 10, NETZSCH Feinmahltech
nik GmbH) with a batch size of 3.5 l. The mixer was equipped with a 
highspeed stirrer (hss) with double butterfly setup, a cross-beam low
speed stirrer (lss) and a rotating baffle as wall scraper. Dispersing was 
carried out in a five-step process: 1) mixing of all dry components 
(NMC622, PVDF, C65, SFG6L); 2) addition of N-Methyl-2-pyrrolidone 
(NMP) (BASF) up to a solids content of 83 %; 3) mixing at 600 rpm (hss) 
and 100 rpm (lss) for 30 min; 4) addition of NMP up to a solids content of 
75 %; 5) mixing for an additional 30 min. The anode slurry was prepared 
using a dissolver (Dispermat CA60, VMA-Getzmann GmbH) with a batch 
size of 600 ml and a final solids content of 50 wt.%. Dispersing was 
carried out in a two-step process using a 50 mm tooth disk: 1) dispersion 
of the powder mixture (graphite, carbon black, CMC) at a tip speed of 9 
m s− 1 for 45 min; and 2) addition of SBR-solution and degassing at 3 m 
s− 1 for 15 min. A continuous lab coater (LabCo, Kroenert GmbH & Co. 
KG) was used for coating and drying of all electrodes. A 20 μm thick 
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aluminium foil (Hydro Aluminium GmbH) and a 10 μm thick copper foil 
(Sumitomo Electric Hartmetall GmbH) were used as substrates for the 
cathode and anode, respectively. The coating speed and drying tem
perature were set at 2 m min− 1 and 80/100/120 ◦C for the cathode and 
1.5 m min− 1 and 60/60/60 ◦C for the anode. A two-roll compactor 
(GKL400, Saueressig GmbH und Co. KG) was used to adjust the final 
density of the electrodes.

The final mass loading and density of the electrodes were 16 mg 
cm− 2 and 3.0 g cm− 3 for the cathode and 9 mg cm− 2 and 1.3 g cm− 3 for 
the anode. Following the recommendations by Kasnatscheew et al. [53], 
the electrode capacity balancing (a/c ratio) was calculated based on the 
initial charge capacities of each electrode. Assuming an initial charge 
capacity of 190 mAh g− 1 for the cathode and 385 mAh g− 1 for the anode, 
this yields an a/c ratio of approximately 1.1 for all cells used in this 
work.

2.2. Post-drying and controlled moisture exposure

For controlled moisture exposure, an argon-filled glovebox system 
from GS Glovebox Systemtechnik GmbH was used. Prior to moisture 
exposure, all electrodes and separators were post-dried inside the 
antechamber of the glovebox. The post-drying procedure was based on 
the work of Huttner et al. [21]. For the present study, no preheating 
phase was used as only sheet material was processed. During the 6-h 
vacuum-drying, the pressure was maintained below 25 mbar, with 
argon purging cycles every 15 min. The process was conducted at 80 ◦C 
for electrodes and 50 ◦C for separators. After transfer into the glovebox, 
all materials were sealed in pouch bags under dry conditions. In the 
context of this study, the term “dry conditions” refers to the standard 
operation mode of the glovebox, in which water and oxygen filters are 
activated. Prior to controlled moisture injection, the water filters are 
deactivated, while the oxygen filters remained operational. Conse
quently, the oxygen levels inside the glovebox were below 1 ppm at all 
times. The dew point inside the glovebox was measured utilizing a 
Vaisala DRYCAP 180 M Dew point Transmitter with a measurement 
range of − 60 ◦C to +60 ◦C dew point temperature and an accuracy of 
±2 ◦C. At dry conditions, the dew point was below the measurement 
range, which is why results gathered under dry conditions are arbitrarily 
displayed in place of a dew point of − 70 ◦C.

The moisture content inside the glovebox was adjusted by injecting 
moisture-saturated Argon into the glovebox atmosphere. A fan-coupled 
heat exchanger located at the ceiling of the box ensured a uniform 
temperature and moisture distribution. During exposure, the dew point 
was regulated to always be within ±1 ◦C of the target value. The tem
perature within the glovebox was maintained at 25 ◦C ± 0.5 ◦C 
throughout this study. To ensure sufficient time for each material to 
reach equilibrium conditions, an exposure duration of minimum 12 h 
was selected. All materials used for the KFT measurements and cell as
sembly, including the insulation sleeves with built-in separators and the 
cell casings, were exposed in parallel. The electrolyte was not inten
tionally exposed to moisture (see Section 2.4).

2.3. Determination of water content

The water content of anode, cathode and separators was determined 
using KFT and a MSB. The experimental set-up for both measurement 
techniques is presented in Fig. 1. The sample preparation was conducted 
under ambient atmosphere for both methods. The KFT measurements 
were conducted in the Battery LabFactory Braunschweig (Technical 
University of Braunschweig), while the MSB measurements were carried 
out at the Institute for Thin Film Technology (Karlsruhe Institute of 
Technology). For storage and shipping, the sample materials were sealed 
in pouch bags under argon atmosphere.

2.3.1. Measurement of water content using KFT
For KFT an AQUA 40.00 from ECH Elektrochemie Halle GmbH 

equipped with a headspace oven module was employed. During a 
measurement, the headspace vial containing the sample material is 
placed inside the oven module. The septum of the vial is punctured with 
a twin-hole needle and the sample material is flushed with a carrier gas. 
The carrier gas is circulated in a closed circuit between the measuring 
cell and the needle head in the headspace vial. In this study, the oven 
temperature was set to 120 ◦C and the measurement time was set to 20 
min for all materials. For each measurement point and material, three 
samples were analysed. Blank values were taken with the same mea
surement routine before and after each set of three samples. The KFT 
device is situated within a dry room with a dew point temperature of 
− 20 ◦C.

2.3.2. Measurement of water content using a MSB
The MSB measures sorption equilibria gravimetrically with a reso

lution of up to 10 μg [18,19]. The sample is confined in a conditioned 
measurement cell that is sealed towards the environment [54]. All 
samples were pre-treated with the same temperature profile used for the 
post-drying before KFT sampling. A gas mixture facilitates the condi
tioning of the measurement cell via combining a saturated with an un
saturated, dry (dew point around − 65 ◦C) nitrogen stream at various 
ratios [55]. Depending on this ratio, the relative humidity adjusts in the 
measurement cell, which is monitored by a chilled-mirror dew-point 
indicator. The temperature inside the measurement cell was kept at 25 
◦C ± 0.1 ◦C during the experiments. The weight of the sample as a 
function of the relative humidity is determined until the weight is con
stant over time (weight change <2 × 10− 5 g h− 1 over a period of 6 h). 
The dry mass for each sample is defined as the mass that is measured at a 
dew point of − 65 ◦C sample temperature.

2.4. Cell assembly and electrochemical characterization

Cell testing was conducted using PAT-Cells from EL-Cell GmbH in 
two- and three-electrode configuration. Circular stamps with a diameter 
of 18 mm were used for anode and cathode (no anode overhang). Cell 
assembly was conducted within the humidity-controlled glovebox sys
tem. For cells with the ceramic separator the insulation sleeve was 
assembled by hand, for cells with the polyolefin separator the insulation 
sleeve (including a Li-ring reference) was taken from EL-Cell GmbH. For 

Table 1 
Overview of cell components and electrode recipe used in this work.

Material Function Type & supplier Mass 
fraction [%]

Cathode
NMC Active 

material
NMC622, BASF SE 95.50

Polyvinylidene 
fluoride

Binder Solef 5130, Solvay 2.25

Carbon black Conductive 
additive

C-Nergy C65, Imerys 
Graphite & Carbon

1.50

Graphite Conductive 
additive

TIMREX SFG6L, 
Imerys Graphite & 
Carbon

0.75

Anode
Graphite Active 

material
Artificial graphite 94.00

Carboxymethyl 
cellulose

Binder 2000PA, DOW 
Chemical

2.00

Styrene-butadiene 
rubber

Binder BM-451B, Zeon 
Europe

3.00

Carbon black Conductive 
additive

C-Nergy C65, Imerys 
Graphite & Carbon

1.00

Separator Thickness:
PP fiber/PE membrane Polyolefin 

separator
FS-5P, EL-Cell 220 μm

Polyester non-woven 
with ceramic coating

Ceramic 
separator

OZ-S30, Mitsubishi 
Paper Mills

30 μm
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every dew point and separator combination, four test cells were con
structed. To minimize the effects of potential moisture contamination of 
the electrolyte, the electrolyte was stored in a separate glovebox (H2O 
and O2 levels <1 ppm). The electrolyte was distributed into small 
aluminium bottles and transferred into the humidity-controlled glove
box only prior to cell assembly. For every set of four test cells, a new 
bottle was opened, and the time between the opening of the bottle and 
the closure of all cells was less than 5 min. Cells with polyolefin sepa
rator were filled with 100 μl of electrolyte and cells with ceramic 
separator were filled with 80 μl of electrolyte. The electrolyte compo
sition was identical for all cells (1 M LiPF6 in EC:EMC (3:7 by wt%) + 2 
wt% vinylene carbonate (VC), E-Lyte Innovations GmbH). All cells were 
tested utilizing a CTS LAB battery test system from BaSyTec GmbH. Two 
different cycling procedures were employed for the dew point screening 
and cycle life investigation. The initial three cycles were identical for 
both test procedures and included a direct current internal resistance 
(DCIR) test subsequent to the third cycle. For the dew point screening, 
the DCIR test was followed by a charge rate test, while for the cycle life 
investigation, a long-term cycling under 1 C/1 C was applied. A charge 
rate test allows to determine the charging performance of a test cell 
without interference from the discharge step. The charging performance 
is considered to be crucial for many mobility applications like electric 
vehicles [56,57]. The exact test procedures are outlined in Table 2. Due 
to the inherent challenges with building laboratory scale test cells with 
thin separators, the failure rate of the test cells with the ceramic sepa
rator (thickness: 30 μm) was higher than the failure rate of the cells with 
the polyolefin separator (thickness: 220 μm). Consequently, only three 
cells with ceramic separator could be evaluated for most tests (only one 
cell in case of DCIR and charge rate test at − 60 ◦C dew point).

3. Results and discussion

3.1. Moisture resorption of cell components under controlled humidity

Determining the moisture content of cell components is crucial to 
analyse the effect of the humidity in the production atmosphere on the 
cell performance. The moisture content helps to identify critical cell 
components that either carry large amounts of water into the cell or 

deteriorate due to exposure to humidity. In this study, two methods for 
determining moisture content are employed and subsequently compared 
to one another: indirect coulometric Karl Fischer titration and magnetic 
suspension balance. Prior work by Kosfeld et al. also employed both 
methods, but no comprehensive comparison was attempted due to dis
crepancies in the sample handling prior to the respective measurements 
[20]. To ensure a valid comparison in this study, the post-drying and 
moisture resorption were conducted under comparable conditions for 
both methods (see Fig. 1).

A meaningful comparison of the two methods requires a precise 
consideration of the respective measuring principles. In case of the MSB, 
moisture resorption and measurement take place simultaneously. The 
water content is determined directly from the difference between the 
mass of the sample at each dew points and a dry reference mass. Each 
dew point is held constant until equilibrium is reached, resulting in a 
sorption isotherm. In case of the KFT, moisture resorption and mea
surement take place successively. Following moisture resorption, the 
water content is detected indirectly by measuring the amount of water 

Fig. 1. Experimental set-up used for the water content determination with Karl Fischer titration (KFT) and magnetic suspension balance (MSB). The two methods 
differ in their testing procedure, but both can be subdivided into three parts: post-drying, moisture resorption and moisture measurement. For the KFT, the sample 
material is transferred between different locations during the testing procedure, while for the MSB, it remains inside the same measurement cell. Post-drying 
temperatures are identical for both methods with 80 ◦C for anode/cathode and (*) 50 ◦C for both separator types. During the KFT measurement, (**) the carrier 
gas is circulated in a closed circuit.

Table 2 
Overview of cycling procedures (cut-off voltages: 2.9 V to 4.2 V).

Dew point screening Cycle life investigation

Formation:  

1 × 0.1 C/0.1 C (CCCV till 0.05 C)

Check-up:  

2 × 0.2 C/0.2 C (CCCV till 0.05 C)

Direct current internal resistance test (DCIR):  

charge to 50 % SOC; 1 h rest; 10 s pulse at 1 C in charge direction

Charge rate test:  

Charge: 3 × 0.5 C/1 C/2 C/3 C (CC)  

Discharge: 0.2 C with CCCV till 0.05 C

Cycling:  

100× 1 C/1 C (CC)

Check-up þ DCIR  

(Looped 5× with cycling step)
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that is released from the sample while it is heated inside the oven 
module of the KFT. The measurement conditions of each method are a 
direct consequence of their measurement principle and need to be taken 
into account when comparing both methods.

Neither method provides an absolute water content of the analysed 
sample. Instead, both methods quantify the amount of water above their 
respective reference condition. For MSB, the reference condition equals 
the dry mass of the sample. For KFT, the reference condition equals the 
equilibrium between the humidity in the measurement atmosphere and 
the sample at the given KFT oven temperature. In the context of purely 
physical sorption processes, the difference in measured water content 
should be primarily influenced by the variation in relative humidity 
between these reference conditions. For more strongly bound water, 
such as hydrates or chemisorbed water, the variation in measurement 
temperature can lead to a significantly more pronounced effect on the 
measurement outcome.

Fig. 2 shows the water content and mass uptake of the graphite an
odes, NMC cathodes, and two kinds of separator as a function of hu
midity in form of the dew point temperature. As expected, the water 
content rises with increasing dew point. The results for both measure
ment techniques indicate similar trends, however, the results from the 
KFT measurement show consistently higher absolute values compared to 
the MSB measurements. As anticipated, the anode exhibits the greatest 
water uptake, followed in descending order by the ceramic separator, 

the cathode, and the polyolefin separator. The relative offset between 
the methods is smallest for the anode and considerably higher for the 
ceramic separator (absolute offset at − 40 ◦C dew point: 385 ppm) and 
the cathode. The KFT-results from the cathode also suggest a linear 
dependency with the dew point, while the MSB-results show an expo
nential one. In the case of the polyolefin separator, only a minimal water 
uptake was observed. In this range, both measurement methods operate 
in close proximity to their respective sensitivity limits, resulting in a 
considerable degree of scatter in the results for low dew points up to 
− 20 ◦C.

Given that the humidity-exposure history of the materials is similar 
for KFT and MSB measurements, the offset between both methods must 
be attributed to the different measurement conditions. These are: (i) a 
different relative humidity in the measurement atmosphere, (ii) a 
different measurement temperature, and (iii) adsorption versus 
desorption of water. The observed offset is approximately one order of 
magnitude higher than any offset that could be attributed solely to dif
ferences in relative humidity. Therefore, other effects must evoke the 
difference in measurements. The distinction between adsorption and 
desorption of water could potentially influence the measurement results. 
However, this would result in lower values for the KFT compared to the 
MSB, which is in stark contrast to the observed measurement results. 
Therefore, it can be assumed that the offset between KFT and MSB is 
predominantly a function of the different measurement temperatures.

Fig. 2. Water uptake of cell components as a function of the dew point, measured by Karl Fischer titration (KFT) and magnetic suspension balance (MSB). The trends 
of both methods are similar. However, the absolute values differ. The KFT results represent the average and standard deviation of three measurements, while the MSB 
results are gathered on the same sample that was held at each dew point until a constant weight was achieved. The KFT dry reference (no deliberate remoistening 
after post-drying) was arbitrarily displayed at − 70 ◦C dew point (dew point sensor out of measurement range).
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The small yet consistent offset observed for the anode may be 
attributable to the temperature-dependent sorption equilibrium of water 
in CMC [18]. The significant offset detected for the ceramic separator 
could indicate that additional mechanisms beyond physical sorption 
contribute to the water uptake. If we assume the formation of species 
with more strongly bound water, such as hydrates, in the ceramic par
ticles, this sorption may not be fully reversed by the post-drying at 80 ◦C 
and therefore be visible in the KFT and not the MSB. The water sorption 
in NMC is also complex, with a continuous temperature-dependent 
desorption of water for temperatures up to above 1000 ◦C [11]. Hy
drate formation in LiOH-containing degradation layers on the surface of 
NMC particles has been proposed as explanation for increased water 
uptake of NMC in otherwise inert atmosphere [36]. Accordingly, one 
explanation for the offset between the results of KFT and MSB may be 
the same as for the ceramic separator. Furthermore, it is possible that the 
cathode samples do not reach an equilibrium in the KFT measurement 
(measurement time 20 min). However, the observation of a linear trend 
in the KFT in comparison to an exponential trend in the MSB is still 
unexplained and requires further investigation.

Despite the inherent difficulties in comparing residual moisture data 
from different studies due to variations in sample handling, 

measurement parameters and material composition, it is reasonable to 
expect similar results for samples with similar humidity-exposure his
tory and composition. For the purpose of comparison, data from Huttner 
et al., Eser et al., and Kosfeld et al. were used as a reference [19, 20, 22]. 
The results of the graphite anode with a CMC/SBR binder system are 
comparable across all studies, if the CMC-content is considered 
adequately. Eser et al. found that the anode water uptake scales with the 
CMC-content. The data for the ceramic separator are strikingly similar to 
those presented by Kosfeld et al. However, there is no information 
regarding the type of the ceramic separator used in their study, and 
therefore this result could be coincidental. The cathode's water uptake 
presented by Kosfeld et al. and Huttner et al. is lower compared to the 
water uptake observed in this work [20,22]. It appears that the 
increased water uptake of NMC622 observed in a previous study for a 
relative humidity above 30 % occurs at a much lower dew point for the 
material used in this study [36]. At this point, we do not have a satis
fying explanation for the observed large variations in water uptake 
behaviour for NMC622 cathodes. Exact values are listed in Table S1 in 
the supplementary material.

In summary, the offset between KFT and MSB was detected for 
samples even with a comparable humidity-exposure history. This offset 

Fig. 3. First cycle performance of PAT-cells assembled at varying dew points under humidified argon. The specific charge and discharge capacity of the first cycle, as 
well as the respective cell voltage curves, are displayed for cells assembled with polyolefin separator (a, c) and ceramic separator (b, d). Each data point and cell 
voltage curve represents the average and standard deviation from at least three cells.
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was smallest for the anode, where physical sorption mechanisms occur. 
Larger offsets occurred in cathodes and ceramic separator, where hy
drate formation and chemical sorption is possible. The comparison to 
literature data showed consistency, except for the cathode. The results 
show that measuring an exact moisture content of a cell component is 
challenging and depends on measurement parameters and technique. 
For practical application in moisture management, it is important to 
quantify the impact of the resorbed moisture on the performance of LIB, 
which will be assessed in the following.

3.2. Electrochemical performance after cell assembly under controlled 
humidity

In order to gain insight into the consequences of varying levels of 
residual moisture on electrochemical performance, test cells were 
assembled in parallel with the KFT sample preparation at each investi
gated dew point. Cells assembled under dry conditions, without any 
deliberate remoistening, are referred to as “dry reference”. The results 
for the dry reference are arbitrarily displayed in place of − 70 ◦C dew 
point, because the dew point sensor used within the glovebox for 
controlled moisture exposure does not deliver reliable data for dry 
conditions. The results of the first charge/discharge cycle are presented 
in Fig. 3. The development of the specific charge/discharge capacity 
demonstrates that an increase in dew point does not result in an im
mediate reduction in cell performance. Instead, the data indicates a 
plateau-like behaviour for low dew points in which the dew point has 
only minimal effect. Interestingly, cells with ceramic separator show a 
small yet steady decrease of capacity, while cells with polyolefin sepa
rator show no clear trend. However, above a dew point of − 30 ◦C for 
cells with polyolefin separator and − 40 ◦C for cells with ceramic 
separator, the discharge capacity decreases significantly for both sepa
rator types. Notably, cells assembled with ceramic separator exhibit a 
simultaneous decrease in both charge and discharge capacity. In 
contrast, cells assembled with polyolefin separator display a stable 
charge capacity for all investigated dew point temperatures.

The cell voltage curves of the initial charge/discharge cycle 
demonstrate a range of characteristic features in responses to the in
crease in dew point. Up to their respective critical dew point, the voltage 
curves are nearly identical. This is reflected by the fact that the cell 
voltage curves for − 40 ◦C dew point are mostly covering the cell voltage 
curves of the dry reference. In contrast, the cell voltage curves at − 20 ◦C 
dew point show distinct changes in their voltage profile for both sepa
rator types. The first effect is an initial decrease of cell voltage during the 
first 10–20 mAh g-1 of charge throughput (C(I) in Fig. 3(c, d)). A 
magnified overview of the cell voltage curves during the beginning of 
charge, including cells assembled at a dew point of − 30 ◦C, can be found 
in Figs. S2 and S3 in the supplementary material. Following the initial 
drop in cell voltage, a subsequent relative increase occurs throughout 
the rest of the first charge (C(II) in Fig. 3(c, d)). This increase is receding 
towards the end of the charge process for cells assembled with polyolefin 
separator, thereby not affecting the total charge capacity. However, the 
voltage increase is more pronounced for cells assembled with ceramic 
separator, resulting in a reduction in specific charge capacity due to the 
premature reach of the upper cut-off voltage (C(IIb) in Fig. 3(d)). During 
discharge, the voltage curves of cells assembled at − 20 ◦C dew point 
show a premature drop in cell voltage for both separator types, thereby 
leading to an early realization of the lower cut-off voltage and conse
quently to a reduced discharge capacity (D(I) in Fig. 3(c, d)).

Fig. 4 displays the anode and cathode potential profiles during the 
first charge/discharge cycle for cells assembled with polyolefin sepa
rator. The evaluation of the individual electrode potentials allows 
identifying the origin of the observed changes in the cell voltage. The 
anode potential profile (lower half of Fig. 4) for cells assembled at a dew 
point of − 20 ◦C shows an increased charge throughput at the beginning 
of the charge and a premature potential rise at the end of the discharge. 
Both effects result in a corresponding reduction of cell voltage. 

Accordingly, the features C(I) and D(I) can be assigned to the anode. 
Consequently, the increase in irreversible capacity measured for cells 
assembled with polyolefin separators can be attributed entirely to water- 
induced side reactions at the anode. The features C(I) and D(I) are also 
present in the cell voltage curves of cells assembled with ceramic sep
arators. This suggests that these side reactions are present for both 
separator types.

A commonly proposed side-reaction in studies investigating the ef
fect of water contamination on anode performance and SEI-formation is 
the reduction of water to H2 and OH− . Joho et al. detected the onset of 
H2 evolution at around 1.3 V vs. Li|Li+ for graphite anodes in 1 M LiClO4 
in EC/DMC [58], Bernhard et al. found the onset to be at 1.6 V vs. Li|Li+

for graphite anodes in 1 M LiTFSI in EC/EMC [38] and Kitz et al. 
determined the onset to be around 2.6 V vs. Li|Li+ for carbon model 
anodes in 1 M LiPF6 in EC/DEC [30]. The electrolyte composition varies 
significantly between these studies, which might explain the large 
scatter of the results. In this study, the first onset of side-reactions for 
cells with polyolefin separator assembled at a dew point of − 20 ◦C oc
curs at approximately 1.15 V vs. Li|Li+ followed by a second reaction at 
around 0.8 V vs. Li|Li+ (see Fig. S4 in Supplementary material). Given 
that the aforementioned studies employed cyclic voltammetry at low 
scan rates, while in this work cells are cycled under constant current, a 
shift towards lower potentials appears reasonable. Furthermore, the 
presence of VC might further reduce the onset of water reduction 
compared to electrolyte solutions without additives. It has been 
demonstrated that a pre-formation of graphite anodes in LP572 elec
trolyte can effectively reduce the onset and amount of water reduction 

Fig. 4. Display of the cathode (top) and anode (bottom) potential profiles, 
measured against Li|Li + during the first charge/discharge cycle, for exemplary 
cells assembled with the polyolefin separator. Each potential profile represents 
the average and standard deviation from four cells.
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[38]. The early reduction of VC during formation may have a similar 
effect, thereby offering another explanation for the comparatively late 
onset of side reactions found in this study. Notably, the capacity offset at 
the end of the last graphite delithiation plateau is approximately twice 
as high as the offset observed for the first lithiation plateau. Accordingly, 
only half of the water-induced increase in irreversible capacity can be 
attributed to the early stages of SEI formation. This suggests that there 
are ongoing side reactions occurring during the entire first charge/ 
discharge cycle.

A closer examination of the cathode potential profile (upper half of 
Fig. 4) shows the formation of a distinct peak at the beginning of charge. 
This leads to an increase in the initial cathode potential from approxi
mately 3.68 V vs Li|Li+ for cells assembled at dry conditions or at a dew 
point of − 40 ◦C to approximately 3.76 V vs Li|Li+ for cells assembled at a 
dew point of − 20 ◦C. This effect gradually recedes during the charge 
process. The rise in cell voltage during the first charge (C(II)) can 
therefore be attributed to the cathode. The changes to the cathode po
tential profile observed in this study are highly similar to those reported 
for nickel-rich CAM after exposure to humidity and CO2 [8,9,11,12,14]. 
The overpotential at the beginning of charge is commonly attributed to 
the presence of degradation layers, consisting of LiOH and Li2CO3, on 
the surface of the CAM after exposure. Jung et al. proposed that the 
receding overpotential may indicate a decomposition of these degra
dation layers during the first charge [12]. Consequently, the possibility 
of CAM ageing must be considered. On the one hand, an exposure to 
humidified argon (with no or only minimal CO₂ content) at a dew point 
of − 20 ◦C and a temperature of 25 ◦C would not typically be considered 
harsh conditions for NMC622. On the other hand, there is little infor
mation available on the exact onset of the described phenomena, as most 
studies on nickel-rich CAM degradation focus on harsh exposure con
ditions or long exposure times [8,9,11,12]. In this study, the NMC was 
processed under ambient atmosphere and the resulting cathodes were 
handled under ambient atmosphere as well. Accordingly, it is plausible 
to assume, that the NMC exhibited some degree of degradation even 
before the controlled humidity exposure. This reasoning is supported by 
the observed high water uptake of the NMC cathodes (see Fig. 2, Section 
3.1), which we believe indicates the presence of considerable amounts of 
hydrate-forming degradation products on the NMC surface. Conse
quently, it can be hypothesised that the controlled exposure at a dew 
point of − 20 ◦C might have been sufficient to initiate the additional 
CAM ageing required to induce measurable changes in the first cycle 
performance.

However, the considerably more pronounced cell voltage increase 
observed for cells assembled with ceramic separators (see C(II) in Fig. 3
(c, d)) cannot be explained by CAM ageing alone. The cathodes utilized 
for both cell types are from the same batch and were prepared, exposed 
and assembled in parallel. Accordingly, the possibility of additional 
moisture-induced side reactions triggered by the ceramic separator must 
be considered. Klein et al. proposed that ceramic particle-coated sepa
rators can improve cell performance by scavenging HF and inducing the 
in situ formation of the additive DFP [59]. However, Rodrigues et al. 
argued that generic oxide particles can create a hydrolytic cycle that 
converts HF back to water, thereby facilitating the hydrolysis of LiPF6 
[60]. The results presented here indicate that, at high moisture levels, 
the negative effects of ceramic coatings prevail.

All cells displayed in Fig. 3 were subsequently subjected to a DCIR 
test and a charge rate test. The results are shown in Fig. 5. The data 
indicates a comparable pattern to that observed in the first cycle per
formance. The internal resistance and rate performance are mostly in
dependent from the dew point for low dew points but deteriorate after a 
certain dew point is surpassed. The respective critical dew point appears 
to be identical with the critical dew point found for the first cycle per
formance. The data suggests that the water-induced increase in irre
versible capacity observed in the first cycle is accompanied by an 
increase in internal resistance, which subsequently results in a reduction 
in rate performance. An increased DCIR as a result of an increased re
sidual moisture content was also reported by Han et al. for automobile 
50 Ah pouch cells (Gr/NMC622 with polyolefin separator) [61]. How
ever, the electrode resolved analysis of the DCIR test results (only 
available for cells with polyolefin separator) does not provide clear 
indication about the origin of the resistance increase (see Fig. S5 in the 
supplementary material). The cells assembled with polyolefin separators 
exhibit a higher cell resistance at low dew points and higher standard 
deviations in their charge rate performance compared to cells assembled 
with ceramic separators. A possible explanation for this observation 
could be the large variation in thickness between the separator types 
(polyolefin: 220 μm, ceramic: 30 μm), resulting in increased separator 
resistance for the polyolefin separator.

To validate the DCIR results, additional electrochemical impedance 
spectroscopy (EIS) tests were performed. These EIS tests were conducted 
after the DCIR tests for cells assembled at dry conditions and at a dew 
point of − 20 ◦C. The EIS spectra (see Fig. S6 in the supplementary 
material) demonstrate a larger high-frequency offset for cells assembled 
with polyolefin separators compared to cells assembled with ceramic 

Fig. 5. Results of DCIR and charge rate tests for cells assembled with polyolefin separators (a) and ceramic separators (b). The DCIR and charge rate tests were 
conducted after the initial three formation cycles, using the same cells analysed in Fig. 3. Each data point represents the average and standard deviation of at least 
three cells (only one cell for ceramic separator at − 60 ◦C (see Section 2.4)).
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separators, which is commonly associated with separator resistance 
[62,63]. Furthermore, cells assembled with ceramic separators under 
humid conditions show a significant increase of the high-frequency 
semi-circle (see Table S2 for EIS fitting data). This high frequency 
semi-circle was associated with the anode SEI by Sabet et al. and Hu 
et al. [64–66]. An increase of the SEI resistance would be consistent with 
our observation of water-induced side reactions at the anode. However, 
the exact attribution of specific processes within EIS spectra is chal
lenging because various interfacial processes with similar time constants 
are merged within the high- to mid-frequency semi-circles of full-cell EIS 
spectra [67]. Furthermore, Solchenbach et al. proposed that even when 
utilizing a reference electrode, it is impossible to distinguish between 
the SEI and charge transfer resistance of a graphite anode without 
employing blocking conditions [68]. Consequently, we do not want to 
imply the assignment of a specific process based only on the available 2- 
electrode full-cell data.

In order to gain further insight into the long-term effects of increased 
moisture content in a cell, a second test series was conducted. For these 
tests, a dew point of − 20 ◦C and − 40 ◦C was chosen as exemplary for 
dew points that are below and above the critical dew point for cells 
assembled with a polyolefin separator. Additionally, cells assembled at 
dry conditions were tested as reference condition. The first cycle per
formance of the cells of the second test series reproduce the trends found 
during the dew point screening, namely demonstrating a stable charge/ 
discharge capacity for both the dry reference and a dew point of − 40 ◦C, 
as well as a reduced discharge capacity (though a stable charge capacity) 
for a dew point of − 20 ◦C (see Fig. S7 in supplementary material). The 
corresponding residual moisture of all cell components as measured by 
KFT is very close to the values gathered during the dew point screening, 
except for the cathode, which shows a consistent offset towards lower 
values (see Fig. S1 in the supplementary material).

The results of the cycle life investigation are displayed in Fig. 6. All 
cells exhibit a high capacity retention of >90 % after 500 cycles (based 
on the 0.2 C check-up cycles). Cells assembled at a dew point of − 40 ◦C 
show the best average state of health (SOH: 99 %), followed by the dry 
reference (SOH: 96 %). The lowest average capacity retention is 
measured for cells assembled at a dew point of − 20 ◦C (SOH: 93 %). 
However, the absolute specific capacity after 500 cycles is determined 
primarily by the capacity differences resulting from the decrease in 
reversible capacity during the first cycle. Fig. 6 also displays the charge- 
averaged mean discharge potentials for anode and cathode measured 
against the lithium reference. The mean anode discharge potential ex
hibits a consistent offset towards higher potentials for cells assembled at 
a dew point of − 20 ◦C. This can be attributed to a higher degree of 
delithiation of the graphite anode, which is a consequence of the higher 
irreversible losses during formation (see Fig. S8 in Supplementary ma
terial). The mean cathode discharge potential remains largely unaf
fected by the dew point. Jung et al. and Sicklinger et al. found a 
decreasing mean discharge potential with ongoing cycling for aged 
NMC811 electrodes, but a stable behaviour for fresh NMC811 electrodes 
[11,12]. In contrast, the NMC622 electrodes from this work show an 
almost constant mean discharge potential, independent of the dew point 
under which the cells are assembled. Nevertheless, all cathodes utilized 
for the cycle life investigation demonstrate a distinct potential peak at 
the beginning of the first charge (see Fig. S9 in the Supplementary 
material), thereby indicating some degree of CAM ageing. As the test 
series for the cycle life investigation was conducted three months after 
the dew point screening, it is reasonable to conclude that this phe
nomenon can potentially be attributed to the effects of CAM ageing 
during storage. Once more, cells assembled at a dew point of − 20 ◦C 
demonstrate a consistently higher potential, however the effect is less 
pronounced in comparison to the first test series. This lends support to 
the assumption that the NMC used in this study forms additional 
degradation products during exposure to a dew point of − 20 ◦C. How
ever, the high capacity retention and the stable mean cathode discharge 
potential indicate that the extent of CAM ageing did not significantly 

impact the overall cell performance.
Overall, the electrochemical characterization of test cells assembled 

at varying dew points revealed that a critical dew point threshold exists 
below which no adverse effects on cell performance can be detected. 
However, the identified critical dew point varied depending on the type 
of separator used. Above this critical dew point, the primary effect was 
found to be a decrease in first-cycle reversible capacity that was 
accompanied by an increase in internal cell resistance and a small 
decrease in capacity retention after prolonged cycling. The effects on the 
electrochemical performance found in this study are in good agreement 
with the results observed by Zheng et al. after injecting water into Gr/ 
NMC-based 18650 cylindrical cells [43]. This suggests that the pre
sented electrochemical indicators of excessive cell moisture are trans
ferable across cell formats.

3.3. Correlation between resorbed moisture and electrochemical 
performance

It is possible to compare the different separator types and measure
ment series by correlating the water content of a cell with its electro
chemical performance. Fig. 7 presents the first cycle discharge capacity 
plotted against the total water content of the cell, as determined by KFT 
and MSB, for each cell tested in this study. The various measurement 
series display a high degree of consistency. While the test cells exhibit 
differing critical dew points depending on the type of separator utilized, 

Fig. 6. Cycle life investigation of PAT-cells assembled at varying dew points 
under humidified argon (top) and the respective mean discharge potentials of 
each electrode measured against Li|Li+ (bottom). All cells were assembled with 
polyolefin separator. The cycling procedure consists of a formation at 0.1 C, 
followed by two check-up cycles at 0.2 C. Long term cycling was performed at 1 
C for a total of 500 cycles with two check-up cycles at 0.2 C after every 100th 
cycle. Each data point represents the average and standard deviation of at least 
three cells.
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they display a comparable critical water content. The agreement be
tween the different measurement series appears to be better when the 
data is plotted over the total water content determined by KFT. None
theless, both representations indicate a common critical water content 
for both separator types. For the first time, this enables to identify a 
critical water content based on residual moisture analysis of cell com
ponents exposed to realistic humidity-exposure histories.

The total residual moisture was deliberately chosen over a relative 
value to emphasize the difficulty in extrapolating the available data to 
larger cell formats. In previous studies investigating the impact of water 
on electrochemical performance, the water content is typically 
expressed as a ppm value based on the electrolyte mass. However, this 
unit is not suitable for comparing laboratory-scale cell formats, such as 
the PAT-Cells used in this study, with larger-scale cells, given that they 
display largely different electrolyte to AM ratios [69,70]. The results of 
the electrochemical characterization presented in this study indicate 
that an increase in residual moisture is associated with an increase in 
irreversible capacity. It is reasonable to assume that the increase in 
irreversible capacity is accompanied by a loss of active lithium. This 
suggests that relating the total residual moisture to the cathode AM mass 
could be a promising unit of comparison. However, as all experiments in 
this work were conducted with the same electrode material, it is not 
possible to verify this assumption based on the available data set. The 
first cycle discharge capacities displayed in Fig. 7 were also plotted 
against the electrolyte-specific moisture and the CAM-specific moisture, 
allowing the interested reader to make a more accurate comparison with 
the existing literature (see Fig. S10, Supplementary material). However, 
it must be stressed that a direct comparison between results obtained for 
different cell formats (e.g. PAT-Cell and multilayer pouch cell) and by 
employing different methods to introduce water into the cell (e.g. direct 
injection into the electrolyte vs. increased residual moisture in cell 
components) is unlikely to yield meaningful outcomes.

On a more fundamental level, it is also worth exploring the plausi
bility of the critical residual moisture values determined in this study. 
Indeed, the good agreement between cells assembled with the polyolefin 
and the ceramic separator may also be a mere anomaly and therefore 
misleading. In fact, it would be an unusual coincidence if the KFT pa
rameters selected for this study truly reflected the electrochemically 
active amount of water in each cell component. With electrochemically 

active we understand all water that is available for reactions with other 
cell components under battery operation conditions. Depending on the 
measurement method and the exact measurement conditions, different 
water contents can be determined for the same material [27,37]. The 
critical residual moisture content for the cells tested in this work is 
approximately 30 μg (or around 800 ppm of CAM-specific moisture, see 
supplementary materials), if the KFT results are used as the reference 
value. However, if the water content determined by MSB is employed, 
the critical water content is only at around half that value. Therefore, it 
is always necessary to state the exact measurement method together 
with the critical residual moisture content.

To the best of our knowledge, there is no existing literature that 
addresses the question of how much water is electrochemically active 
within common battery materials at different residual moisture load
ings. The residual moisture within battery materials can be classified 
into three categories of sorption mechanisms (see Fig. 8). These are: (i) 
water adsorbed to the surface, (ii) water absorbed into the material and 
(iii) formation of hydrates. For the purpose of this discussion, the term 
“residual moisture” refers solely to water that is still present in its mo
lecular form. It can be assumed that adsorbed and absorbed water will 
transfer into the electrolyte once the material surface is wetted until the 
chemical potentials between water on the surface or in the polymer and 
water in the electrolyte are in equilibrium. However, there is limited 
information available regarding the chemical potentials of water in each 
of the components. The single largest source of water inside a battery is 
the water that is stored inside the CMC binder, yet we are not aware of 
any literature reporting how much of that water transfers into the 
electrolyte under realistic water loadings and real-world battery oper
ating conditions. For very low water loadings it was even shown that the 
presence of CMC can stabilize LiPF6-based electrolytes against water 
sources by scavenging HF from the electrolyte [71]. The situation is even 
less clear regarding water that is more strongly bound, such as hydrates. 
Hydrates have only recently been considered as a potential source of 
water in LIB [36]. In general, hydrates require some level of thermal 
activation to desorb from their host material (e.g. LiOH). However, if the 
host material itself decomposes, as has been proposed for the LiOH- 
containing surface layers on top of Ni-rich CAM during the first charge 
[12], the water may be released at a much lower temperature. Notably, 
the cathodes used for cycle life investigation in this study showed a 

Fig. 7. Display of the first cycle discharge capacity plotted against the total residual moisture of each cell tested in this study. The total residual moisture content of a 
cell was calculated by adding up the residual moisture contents of the anode, cathode and separator, respectively (see Eq. 1, Supplementary material). The values 
differ significantly depending on whether the KFT data (a) or the MSB data (b) were used as the basis for the calculation. The data for the dry reference cells is absent 
from the right graph, as the MSB measurements do not yield any results for dew points lower than − 60 ◦C. For all dew points above that, a fit function was employed 
to generate the water content for each tested dew point.
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consistently lower water content compared to the cathodes used for dew 
point screening. The offset in water content can only be explained by 
different levels of hydrate formation during sample handling. The 
consistently higher first cycle discharge capacities of these cells provide 
a first indication that hydrates may influence cell performance.

4. Conclusion

This study investigated the moisture resorption behaviour and 
resulting electrochemical performance of graphite anodes, NMC cath
odes and two types of separator (one polyolefin and one with a ceramic 
coating) under industrially relevant levels of humidity. Two different 
analytic techniques, namely Karl Fischer titration (KFT) and magnetic 
suspension balance (MSB), were utilized to examine the moisture uptake 
behaviour. Despite a comparable humidity-exposure history of the 
samples, a consistent offset was observed between the results obtained 
from KFT and MSB. Our findings indicate that this offset is predomi
nantly a function of the different measurement temperatures (120 ◦C for 
KFT vs. 25 ◦C for MSB). It is our view that the formation of hydrates and 
the process of chemical sorption should be taken into account when 
considering the moisture resorption behaviour of NMC and ceramic 
particle-containing separators.

The impact of humidity on electrochemical performance was 
examined by assembling test cells utilizing solely moisture-saturated cell 
components. The assembly of the cells and the preparation of KFT 
samples were conducted in parallel to ensure a high degree of compa
rability between the two methods. The test results indicate a stable 
performance for low dew points and a decline in performance after a 
critical dew point is exceeded. The critical dew point was found to be at 
− 40 ◦C for cells assembled with a ceramic separator and − 30 ◦C for cells 
employing a polyolefin separator. The primary influence on electro
chemical performance was determined to be an increase in irreversible 
capacity during formation, which could be attributed to water-induced 
side reactions at the anode. For cells assembled with ceramic separa
tors this was accompanied by a decrease in initial charge capacity, 
which indicates the possibility of additional side reactions triggered by 
the separator. Furthermore, an increase in internal resistance and a 
corresponding reduction in charge rate capability were observed in cells 
assembled above the critical dew point. The cycle life investigation 

revealed only a minor impact of the dew point on ageing behaviour. 
Even above the critical dew point, the state of health after 500 cycles 
was primarily influenced by the increase in irreversible capacity during 
the first cycle.

By combining the residual moisture data with the results from the 
electrochemical characterization, it was possible to identify a common 
critical water content for all cells tested in this work. This makes it 
possible, for the first time, to define a critical residual moisture 
threshold. However, the value differs depending on the method used to 
determine the water content. There is a gap in knowledge regarding how 
much of the water measured by different methods (using varying pa
rameters) is electrochemically active within the battery cell. It seems 
reasonable to assume that not all the water that can be measured is also 
available for (electro-)chemical reactions under battery operation con
ditions. The findings of this study underline the need for further research 
to differentiate the impact of differently bound water on cell perfor
mance. At a fundamental level, a deeper understanding of the transfer of 
water between cell components and electrolyte would be highly valu
able. On a practical level, it is important to investigate the effects of 
different electrode parameters and compositions, as well as the trans
ferability to different cell formats.
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