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1. Introduction

Next to olivines (e.g., LiFePO4) and spinel types (e.g., LiMn2O4),
especially layered oxides such as LiNixCoyMnzO2 (NCM, xþyþz
=1) are commonly used as cathode active material.[1] One
strategy to improve the specific capacity of NCM active
materials is to increase the nickel (Ni) content. However, a
high-delithiation degree at elevated potentials is associated with

a lower structural stability of the Ni-rich
NCMmaterials, resulting in severe capacity
fading.[2] In this context, Laszczynski
et al.[3] report an increased impedance of
the cathode associated with an increased
evolution of O2, H2, and CO2, as well as
stronger Ni dissolution for a cutoff voltage
of 4.6 V for graphite/LiNi0.8Co0.1Mn0.1O2

(NCM811) cells. Furthermore, the higher
Ni content results in a higher alkalinity
of the active material and thus in a
stronger adsorption of atmospheric
water.[4] Interactions of the active material
with water (H2O) and carbon dioxide (CO2)
lead to the formation of decomposition
products, such as lithium carbonate
(Li2CO3) or lithium hydroxide (LiOH).[5]

Apart from this, reaction with H2O and
CO2 can also result in the formation of
transition-metal hydroxides and carbonates
on the material surface.[6] Consequently,
these products can affect the slurry
viscosity, material degradation, and gassing
formation behavior.[5,7] Therein, Busà
et al.[8] reported phase transformations

and structural changes in the particles, resulting in higher
impedance and capacity loss for NCM811 materials stored at
ambient atmosphere. In this context, Wu et al.[9] revealed the role
of the impurity phase at the surface of Ni-rich cathode active
material. Here, an irreversible phase transition from the surface
to bulk in Ni-rich cathodes is triggered by the intermediate
disordered cation mixing domain instead of the pure rock-salt
phase, resulting in capacity fading, structural degradation, and
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The selection of an appropriate cathode active material is important for operation
performance and production of high-performance lithium-ion batteries.
Promising candidates are nickel-rich layered oxides like LiNixCoyMnzO2 (NCM,
xþyþz=1) with nickel contents of ‘x’≥ 0.8, characterized by high electrode
potential and specific capacity. However, these materials are associated with
capacity fading due to their high sensitivity to moisture. Herein, two different
polycrystalline NCM materials with nickel contents of 0.81≤ ‘x’≤ 0.83 and
protective surface coatings are processed in dry-room atmosphere (dew point of
supply air TD��65 °C) at lab scale including the slurry preparation and coating
procedure. In comparison, cathodes are produced in ambient atmosphere and
both variants are tested in coin cells. Moreover, processing at pilot scale in
ambient atmosphere is realized successfully by continuous coating and drying of
the cathodes. Relevant electrode properties such as adhesion strength, specific
electrical resistance, and pore-size distribution for the individual process steps
are determined, as well as the moisture uptake during calendering. Furthermore,
rate capability and cycling stability are investigated in pouch cells, wherein initial
specific discharge capacities of up to 190mAh g�1 (with regard to the cathode
material mass) are achieved at 0.2C.
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thermal instability.[9] Thus, the NCM material is structurally
modified during processing by atmosphere contact. Faenza
et al.[10] demonstrated good long-term performance of lithium
nickel–cobalt–aluminum oxide (NCA)-based cathodes by retain-
ing Li2CO3 on the particle surface while removing byproducts
like LiHCO3, H2O, and LiOH. Nevertheless, it is still necessary
to avoid the formation of these substances. Therefore, several
solutions at material level were developed to reduce the negative
effects on the electrode performance. Possibilities to improve the
active material properties are the application of an appropriate
surface coating, “doping“ with foreign elements, or the introduc-
tion of a core–shell or gradient structure.[5,7,11–13]

In general, H2O is considered as a critical impurity in lithium-
ion batteries (LIBs). It can adversely affect the cathode perfor-
mance and react with the commonly used conducting salt,
LiPF6.

[14,15] This reaction results in amongst others the formation
of hydrofluoric acid (HF), which is presumably mostly dissolved
to form additional acidic decay products.[16] Among others, the
reaction products have a detrimental effect on the cell resistance.
As a consequence, performance as well as safety properties of the
battery are deteriorated.[14,16–19]

In this context, for commercialized LiNi0.6Co0.2Mn0.2O2

(NCM622) cathodes, it was shown that a stable cell performance
can be achieved by an appropriate post-drying strategy of the elec-
trodes. The post-drying step is most commonly conducted prior
to cell assembly and aims to reduce the total cell moisture
amount below a critical level.[14,19] Interestingly, in a previous
study with single-compartment pouch cells (graphitic anode/
NCM622-based cathode), the cells post-dried with the mildest
post-drying procedure achieved the best electrochemical perfor-
mance despite having the highest residual moisture content.[14]

In this study, it was shown that high post-drying intensities can
damage the sensitive binder network of the electrodes and that a
certain level of residual moisture does not impair the electro-
chemical performance. In this context, small amounts of water
within the battery cell can also have some advantageous effects:
Langklotz et al.[18] reported that a diffusion of water molecules
from the cathode side through the battery cell can influence both
electrodes. For instance, a low moisture content supports the
formation of an effective solid electrolyte interphase (SEI) on
the anode. An effective SEI can protect the anode against decom-
position by the electrolyte at low potentials, which results in a
more stable electrochemical performance.[20] This illustrates
the complex influence of moisture within the battery cell.

Only a few studies investigated the impact of the process atmo-
sphere on cell performance of Ni-rich NCM-based cathodes. In
one study, NCM811 powder, which was excessively exposed to
moisture, was compared to dried and calcined NCM811 with
regard to electrochemical properties.[6] The best performance
was obtained for the calcined material with a capacity retention
of 92% after 250 cycles at 1C compared to 85% for the dried
material and 55% for the weathered material. In addition, the
authors questioned the detrimental effect of Li2CO3, but consid-
ered Ni carbonate (NiCO3) as the most significant surface con-
taminant.[6] Moreover, former investigations conducted at lab
scale for Ni-rich cathodes processed in ambient atmosphere
demonstrated that a good performance is achievable by a short
retention time in ambient atmosphere and an appropriate post-
drying procedure.[21] However, information is given rarely with

regard to production of Ni-rich cathodes at larger scale, enabling
a continuous processing. For NCM cathodes with lower Ni
content, continuous coating and drying are already well
established.[22–25] For Ni-rich NCM, the production at industrial
scale with a batch approach in nitrogen atmosphere and
manufacturing of double-side electrodes were reported.[26]

Nonetheless, further investigations are highly relevant for Ni-rich
cathode production to enable processing of Ni-rich active
materials like LiNi0.9Co0.05Mn0.05O2 at industrial scale.[27]

In a former study,[21] cathodes based on pretreated (coated/
doped) Ni-rich NCM were produced at lab scale within ambient
atmosphere and analyzed with regard to moisture content and
structural properties. Before cell assembly, two post-drying
procedures were applied which differed in their intensity. The
electrochemical performance was tested in half coin cells and
compared to cells built of cathodes produced in dry-room atmo-
sphere. The results showed that the production of Ni-rich NCM
based cathodes seems to be possible at ambient atmosphere, if
the NCM is pretreated and adequate post-drying is applied. The
more intense procedure (4 h under vacuum with 0.5 h argon
purging at 80 °C) resulted in a higher specific discharge capacity,
which is why a comparable post-drying strategy was selected for
the current study.

The current work focusses on the investigation of the influ-
ence of the process atmosphere, as well as the establishment
of a pilot scale process route for Ni-rich NCM-based cathodes.
Here, coated NCM materials were selected to verify the impact
of process atmosphere when a protective surface layer is used.
First, the impact of atmosphere, so processing in a dry room ver-
sus processing in ambient environment, on the electrochemical
performance of two polycrystalline Ni-rich NCM-based cathodes,
was investigated at lab scale. Based on these results and the
findings of the former study,[21] pilot-scale production was then
realized in ambient atmosphere. Cathodes with the coated
polycrystalline NCM materials with different particle sizes from
different suppliers were produced in pilot scale and continuously
coated and dried in ambient process atmosphere. For individual
process steps, the relevant electrode properties like adhesion
strength, electrical resistance, porosity, and moisture content were
determined. Furthermore, C-rate testing and long-term cycling
were conducted for single-compartment pouch cells.

2. Lab-Scale Results—Atmospheric Impact on
Cell Performance

Figure 1 illustrates the specific discharge capacity of coin cells
(two-electrode configuration[28]) with calendered polycrystalline
Ni-rich active material–based cathodes against lithium-metal
anodes. The cathode slurry was produced and coated in ambient
(dew point TD� 0 °C) or dry-room atmosphere (TD��65 °C of
supply air) at lab scale. Calendering was performed in ambient
atmosphere. The initial specific discharge capacities for the third
formation step at 0.05C are shown in Table 1. It should be noted
that processing of the cathodes in dry-room atmosphere leads to
a similar (Ni-rich_polyB) or slightly higher specific discharge
capacity (approx. 2.4% higher for Ni-rich_polyA at 0.05C) in
comparison to cathodes processed in ambient atmosphere.
For Ni-rich_polyA, the cathodes produced in dry-room
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atmosphere show slightly higher specific discharge capacities for
C-rates up to 1C. Remarkably, at higher C-rates, cells based on
cathodes produced in ambient atmosphere show a superior per-
formance. Moreover, for Ni–rich_polyB cathodes, beyond the
similarity in specific discharge capacities for C-rates up to
0.5C, cathodes processed in ambient atmosphere also exhibit
a superior electrochemical performance at higher C-rates.
These results are in contrast to the expected effects due to high
sensitivity of Ni-rich NCM material to moisture.[4,7] Wu et al.[4]

reported an improved capacity retention of 5% after 50 cycles at

1C for an NCM811 slurry produced in dry atmosphere (5% rela-
tive humidity) in comparison to processing at room temperature
and room humidity. However, they confirm very recent results of
Mayer and Huttner et al.[21] One reason might be the use of
protective coatings on the pristine material surfaces, applied
by the manufacturers to prevent degradation at high-delithiation
degrees or in presence of moisture.

The results demonstrated that a reduction of moisture content
to an attainable minimum does not gain much higher specific
capacities and, thus, might not be necessary especially from
an ecological and economic view. Therefore, it was concluded
that further studies are needed to determine an optimal process
atmosphere at higher dew points between TD=�65 and 0 °C.
Moreover, the atmospheric impact on electrochemical perfor-
mance must be evaluated for long-term cycling. Very low dew
points (TD=�65 °C) do not seem to be required to achieve good
performances, meaning higher costs during cathode processing
can be avoided. In addition, the results of a previous study sug-
gest that different process atmospheres cause varying process
conditions to occur already during mixing and dispersing
stage.[21] Thus, the particles in the slurry experience slightly dif-
ferent mechanical stresses, which leads to deviations in the
resulting electrode microstructure. For example, lower particle
sizes of carbon black (CB) agglomerates, due to higher mechani-
cal stresses, lead to a decrease of inner CB domain porosity,
which can subsequently affect the C-rate capability. The resulting
trend corresponds to an optimum curve.[29] Results from several
studies demonstrate that with this material system and process
conditions, the CB agglomerate size should be comparatively
low. Therefore, a reduction in CB agglomerate particle size is
assumed to ultimately result in a deterioration of the C-rate capa-
bility beyond a certain threshold. Under dry-room conditions, the
viscosity is generally higher than in ambient atmosphere due to a
stronger solvent evaporation. This can result in more mechanical
stress on the particles during dispersion. Therefore, a lower CB
porosity occurs, which leads to lower capacity yields at higher
C-ratios. Due to these predicted differences in electrode
microstructure, variations in overall ionic conductivity and thus
C-rate capability, are to be expected for different processing
atmospheres.[30] However, because calendering was performed
in ambient atmosphere, future research should address the
investigation of a process route fully implemented in dry-room
atmosphere at different dew points, especially due to an
increased water uptake of the cathodes caused by calendering
(see Figure 2). Nevertheless, the result of a similar or even better
performance of Ni-rich cathodes with coated active material proc-
essed in ambient atmosphere meaning a higher retention time in
a more humid environment is of high importance because it
could lead to a significant reduction of process costs.[31]

3. Pilot-Scale Results—Cathode Production at
Ambient Atmosphere

To verify the results obtained at lab scale that good performance
is possible at ambient process atmosphere, a production at pilot
scale for both polycrystalline NCM materials was conducted in
ambient atmosphere. Herein, the cathode slurries were coated
continuously onto an aluminum substrate current collector.

Table 1. Initial specific discharge capacities obtained from third formation
step (0.05C).

Cathode active
material

Ambient atmosphere
processing [mAh g�1]

Dry-room processing
[mAh g�1]

Ni-rich_polyA 207 212

Ni-rich_polyB 202 203
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Figure 1. Specific discharge capacity of lithium metal/NCM coin cells.
a) Ni-rich_polyA cathodes and b) Ni-rich_polyB cathodes produced in
ambient or dry-room atmosphere.
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The entire process chain from dry premixing up to calendering
was performed in ambient atmosphere with a dew point of
TD� 0 °C. To investigate the water (de-)adsorption behavior of
the cathodes along the process chain, the moisture of the cath-
odes was determined by Karl–Fischer Titration (KFT) after coat-
ing and drying, that is, in the non-calendered state (non-cal.), as
well as after calendering (after cal.) (cf. Figure 2a). In previous
studies with cathodes based on polycrystalline NCM622,
Huttner et al.[32] showed that cathodes adsorb more water after
calendering, due to an increased surface area caused by cracking
within the secondary particle structure induced by calendering,
as well as particle breakage. A schematic illustration of this is
presented in Figure 2b,c. Mayer and Huttner et al.[21] observed
the same phenomenon for cathodes containing different
polycrystalline Ni-rich NCM active materials. Hence, a higher
moisture uptake of the cathodes after calendering was expected
in the current study as well. To investigate this phenomenon in
detail, samples for moisture measurements of the cathodes were
taken of the cathodes directly (2min), 1 h, and the next day (13 h)
after calendering in ambient atmosphere. The results are shown
in Figure 2a.

In general, the Ni-rich_polyB-based cathode contains on aver-
age 43% more moisture in comparison to the Ni-rich_polyA-
based cathode. According to scanning electron microscopy
(SEM) analysis (see Figure 5), this might result from a higher
surface area of the Ni-rich_polyB cathode, due to a smaller par-
ticle size and a higher amount of primary particles already before
calendering. Furthermore, the calculation of the porosities of the
conductive network, εCN, shows that Ni-rich_polyA (22.5%) has
lower values than Ni-rich_polyB (27.7%). This trend agrees with
the results of Mayer and Huttner et al.,[21] according to which a
certain amount of the increased water uptake after calendering
was attributed to an increased amount of pores in the electrode
microstructure. After calendering, both cathodes show the
expected water uptake. The Ni-rich_polyA cathode contains
27% and the Ni-rich_polyB cathode contains 22%more moisture
in the compressed state. The measurements performed 1 and
13 h after calendering show that this water uptake is a permanent
effect, as the moisture values remain at a high level for
Ni-rich_polyA and Ni-rich_polyB cathodes, but depends on the
surrounding atmosphere. The slight moisture loss after 13 h
of exposure to ambient atmosphere can be traced back to drier
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Figure 2. Top: a) moisture content of the Ni-rich_polyA and Ni-rich_polyB cathodes before and after calendering (cal.) determined by Karl–Fischer
Titration. Bottom: schematic illustration of water adsorption in an NCM-based cathode in b) non-calendered and c) calendered state (Adapted by
permission from Ref. [32], Copyright (2021) IOP Publishing, CC BY 4.0).
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atmosphere in the laboratory during night, in absence of persons
or conducted experiments. As a verification of the moisture con-
tent determination via KFT, sorption equilibria of the Ni-rich
cathodes were measured by means of the magnetic suspension
balance. This experimental setup controls the relative humidity
in a measurement cell and weighs the sample mass while incre-
mentally increasing the relative humidity after an equilibrium
was reached. The results are plotted in Figure 3. For reference,
the dashed line marks the equivalent of the dew point (TD= 0 °C)
in relative humidity. The water uptake of both materials
increases with increasing relative humidity. The comparison
of Ni-rich_polyA and Ni-rich_polyB confirms the observation
of the KFT: Ni-rich_polyB sorbs more moisture compared to
Ni-rich_polyA. The absolute value of the moisture uptake at
TD= 0 °C of the sorption measurement expresses an offset com-
pared to the data of the KFT. Such an offset is expected for the
complex adsorption behavior of Ni-rich cathode materials, where
sorption and desorption isotherm are not equivalent. The differ-
ence in moisture content detection results from the different
characteristics of the two measurement techniques. The KFT
detects desorbed moisture at 120 °C, while the sorption measure-
ment gravimetrically detects adsorbed moisture. Nevertheless,
this circumstance affects both samples equally, which assures
reliability of the results. The results confirm the previously stated
theory that the higher water uptake of the Ni-rich_polyB can be
attributed to the larger surface area, and consequently higher sur-
face adsorption. The determined specific surface area of the Ni-
rich_polyB cathode in the non-calendered state is 1.76m2 g�1,
whereby it amounts only to 0.96m2 g�1 for the Ni-rich_polyA
cathode.

In Figure 4, the pore-size distributions of the non-calendered
and calendered cathodes are illustrated. First, the general
porosities of the non-calendered electrodes are at similar
levels: Ni-rich_polyA (εC,polyA= 27.0%) is slightly lower than
Ni-rich_polyB (εC,polyB= 28.4%). Considering the pore-size
distribution, Ni-rich_polyB cathodes have a smaller pore size
in comparison to Ni–rich_polyA cathodes. This effect is due
to the smaller-size active material particles, which can be
confirmed by SEM analysis (Figure 5). More SEM images of

the non-calendered and calendered state for both materials
are provided in the Supporting Information. Furthermore,
Ni-rich_polyB already shows primary particles in the non-
calendered state, while the raw material does not show particle
breakage (not shown here). This means that already during dis-
persing, the shear stresses transmitted by the fluid are sufficient
to fragment the active material particles. After calendering, the
degree of particle breakage further increases, resulting in a
denser electrode structure. This is represented by a slightly lower
porosity (εC,polyB= 16.8%) and smaller pore size on average, in
comparison to Ni-rich_polyA (εC,polyA= 19.6%).

Figure 6 demonstrates the specific electrical resistance of the
cathodes in non-calendered, calendered, and post-dried state
determined according to Westphal et al.[33] by using a direct
current (DC) source. Resistance data can help to understand
the formed microstructure and resulting electron-transport char-
acteristics.[33] The resistance of Ni-rich_polyB cathodes is signif-
icantly higher in the non-calendered state. In this cathode, the
active material particles already have numerous fractures in
the non-calendered state (see Figure 5), and thus a correspond-
ingly higher surface area that needs to be contacted by the
CB/binder (CB/B) network. Hence, the active material particles
are connected more weakly, and a lower electrical connectivity
between the particles is reached in comparison to Ni-rich_
polyA. After calendering, the resistance of both cathodes is
reduced significantly. This can be assigned to better electrical
contact due to the formation of an increased number of contact
points within the conductive network and between the conduc-
tive network and the active material particles.[34] After post-
drying, the electrical resistance further increases for Ni-rich_
polyB cathodes. In this regard, previous studies proposed
thermally activated binder creeping during post-drying, leading
to a certain degradation of the whole microstructure.[14]

Therefore, it was concluded that the lower binder volume/
surface area ratio of the Ni-rich_polyB cathode resulted in very
thin and fragile binder/CB connections. The fragile connections

Figure 3. Sorption isotherms of Ni-rich_polyA and Ni-rich_polyB cathodes
in non-calendered state obtained frommagnetic suspension microbalance
measurements (30 °C).
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Figure 4. Pore-size distribution of the non-calendered and calendered
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the calendered cathodes: ρC= 3.0 g cm�3.
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were potentially damaged during post-drying, resulting in an
increase of electrical resistance.

Moreover, the adhesion strength of the cathodes in non-
calendered, calendered, and post-dried state was measured
(Figure 6) according to Haselrieder et al.[35] The adhesion
strength for both cathode variants decreases after calendering.
This phenomenon is already described for low to medium strong
calendering for cathodes based on NCM622,[32,36] and also
Ni-rich NCM (Ni contents of >0.8).[21] Shear forces lead to con-
tact losses within the structure. Essentially, the polyvinylidene
fluoride (PVDF) binder is responsible for the cohesion between
the particles and adhesion of the particles to the current collector
due to mechanical interlocking mechanisms and interfacial
forces, such as a dipole and weak Van der Waals forces.[32,37]

During compression, these interfacial forces can be damaged
by shear and tensile stresses and consequently the contact
points of binder and current collector are separated.[32,36,38]

Nevertheless, after post-drying at 80 °C under vacuum, a higher
adhesion can be achieved. This is probably due to the

aforementioned thermally induced binder creeping of the ther-
moplastic PVDF, whereby contact points between the particles
and current collector are rebuilt, enhancing the adhesion
strength.[14,32] Based on previous investigations, an intensive
post-drying procedure under vacuum for 5 h and periodical
argon flushing was performed before cell assembly.[21] To evalu-
ate the impact of processing at ambient atmosphere on the cell
quality, full-pouch cells were built, using a graphite anode and a
Separion separator. In Figure 7, the resulting total cell moisture
is displayed, calculated according to the mass ratios of the cell
components in each cell without current collectors. Post-drying
reduces the water content of the Ni-rich_polyA-based cathode by
37% to 454 ppm and of the Ni-rich_polyB-based cathode by 34%
to 665 ppm. Hence, due to its higher surface area, the
Ni-rich_polyB not only contains more moisture in comparison
to Ni-rich_polyA before and after calendering (see Figure 2),
but also after post-drying. The mass ratio in the Ni-rich_polyA
cells is 45:19:36 (cathode:separator:anode), while in the Ni-rich_
polyB cells is 44:20:36. Due to the higher moisture content of the

Ni-rich_polyA        
non-cal.

Ni-rich_polyB        
non-cal.

Ni-rich_polyB        
cal.

Ni-rich_polyA        
cal.

10 µm

Figure 5. Scanning electron microscope (SEM) images of non-calendered and calendered Ni-rich_polyA and Ni-rich_polyB cathodes with a magnification
of 4400�. Examples of particle breakage and cracking are marked by cycles.
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cathode after post-drying, the Ni-rich_polyB cells contain 21%
more moisture (534 ppm) compared to the Ni-rich_polyA cells
(441 ppm).

In Figure 8, the specific discharge capacity during C-rate test-
ing of one compartment pouch cells is shown. In correlation to
the results of the two-electrode lithium-metal/NCM coin cells
(cf. Figure 1), graphite/NCM pouch cells with Ni-rich_polyA
show higher discharge capacities in comparison to those with
Ni-rich_polyB during C-rate testing. In the third formation step
(0.2C/0.2C) after initial capacity increase,[39] the Ni-rich_polyA
cells reach an initial discharge capacity of 190.3 mAh g�1,
whereas the Ni-rich_polyB cells only achieve 178.8mAh g�1.
Reasons for the differing electrochemical performance of the
Ni-rich_polyA and Ni-rich_polyB cathodes can be attributed to
the different particle sizes of the two active materials used, which
result in different microstructures of the composite cathode,

affecting the electron- and lithium-ion transportation, as well
as the use of different surface coatings protecting the active
material from atmosphere impacts. In addition, the higher cell
moisture and the higher moisture in the cathode can affect the
electrochemical performance of the Ni-rich_polyB. Due to the
higher moisture, the formation of thick and resistive interphases
between the electrodes and the electrolyte, namely cathode elec-
trolyte interphase (CEI[40]) and SEI, could have been promoted.

Reaction of moisture with the conducting salt could have
initiated cell capacity degradation.[14,15] In Figure 9, the specific
differential capacity versus voltage curves for both cathode var-
iants during the C-rate testing at different C-rates are shown.
For each C-rate, the third charge and related discharge cycle step
were analyzed. For both cathode materials, one cells was ana-
lyzed. In principle, four redox peaks can be identified within
the charge curves, attributed to the phase transition in the

Ni-rich_polyA
cathode   (205 ppm)

anode      (167 ppm)
separator ( 69 ppm)

total cell moisture: 441 36 ppm

46.5 %

37.9 %

15.6 %

Ni-rich_polyB
cathode   (292 ppm)

anode      (171 ppm)
separator ( 70 ppm)

total cell moisture: 534 50 ppm

54.8 %

32.0 %

13.2 %

Figure 7. Total cell moisture of the single-compartment pouch cells after post-drying, with indication of the moisture amounts of each cell component,
calculated according to the mass ratios of the cell components without current collectors.
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NCM active material. This transition is induced by the
de-/lithiation and a change in the oxidation state.[21,41] For the
NCM material, the phase transition originally observed for
LiNiO2 is often applied, but probably was never verified for
NCM itself.[42] However, to identify the phase transitions, the
assignment proposed by Noh et al.[41] was applied herein.

The redox peaks shift with increasing C-rates and changes to a
more polarized state, as described for other Ni-rich NCM active
materials in similar studies.[21,41] Despite the higher discharge
capacity of Ni-rich_polyA, the peak shift with increasing C-rate
is comparable for both materials. This means that the capacity
loss is equally pronounced for both materials with progressive
C-rate testing. To be able to evaluate the long-term stability,
long-term cycling was conducted on full-pouch cells with the
better performing Ni-rich_polyA cathode.

Figure 10 illustrates the specific discharge capacity and capac-
ity retention during long-term cycling at 1.0C. Cycling included
400 cycles, 16 cycles of C-rate testing, and 384 cycles at 1.0C/1.0C
with a capacity retention of 93%.

These results illustrate the ability to achieve acceptable and
stable cycling performance of Ni-rich NCM materials processed
in ambient atmosphere at pilot scale when applying intense
post-drying.[21] At the end, it is a question of costs and environment
footprint if a somewhat better performance is reasonable by proc-
essing the electrodes in dry atmosphere. Slight capacity
fading can be a result of electrolyte degradation and growth of
the SEI, surface contaminations still remaining after processing,
as well as the high-delithiation degree in the Ni-rich cathode
and degradation of the anode active material.[2,7]

4. Conclusion

To evaluate the influence of the process atmosphere, two coated
polycrystalline Ni-rich NCMmaterials were processed at lab scale

in ambient and dry-room atmosphere (dew point of the supply air
TD��65 °C) including the slurry preparation and coating
procedure. Here, processing of Ni-rich cathodes in ambient
atmosphere results in a similar or even better performance at
high C-rates in comparison to cathode slurries produced and
coated onto the current collector in a dry room. These findings
are in contrast to the expectation found in literature due to the
high sensitivity to moisture and probably result from the protec-
tive coating layer of the active material. However, they confirm
results obtained in a former study.[21] As a next step, the polycrys-
talline Ni-rich NCM materials were processed within ambient
atmosphere at pilot scale to verify good performance at a higher
scale. Moreover, cathode properties were analyzed to obtain a
deeper understanding of Ni-rich cathode production. The
NCM materials showed differing moisture uptake behavior
due to the different particle size, surface area, as well as possibly
different surface material coatings. An enhanced moisture
uptake after calendering was confirmed for both tested Ni-rich
active materials as a result of particle breakage, leading to a
higher surface area and smaller pore sizes. The electrochemical
performance was finally investigated in single-layer full-pouch
cells. An initial discharge capacity of up to 190mAh g�1 at
0.2C was reached. This study shows that Ni-rich cathode produc-
tion in ambient atmosphere is in principal possible when protec-
tive surface layers of the active material are used and should be at
least considered when designing a cell production plant. Here,
only short retention times in ambient atmosphere should be
included, as well as a well-designed post-drying procedure.[21]

The decision on the quality of process atmosphere depends
on economic and ecological considerations as an ambient or only
slightly dry atmosphere results in a significant reduction of pro-
cess costs and environmental impact. Altogether, this study
shows that Ni-rich cathode production at pilot scale is possible
with production lines placed in rooms with ambient atmosphere.
This provides the possibility of further using already existing
production lines resulting in massive costs and energy savings.
Requirements are protective surface layers on the raw material,
adequate storage of raw materials and electrodes, and the appli-
cation of a sufficient post-drying step before cell assembly.
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In future, final assessment of the electrochemical performance of
Ni-rich cathodes processed at ambient conditions should be per-
formed in larger cells (capacity> 10 Ah) with a higher statistical
relevant number. Moreover, processing with higher dew points
than investigated in this study should be evaluated.

5. Experimental Section

Cathode Active Material: In this study, two different polycrystalline NCM
cathode active materials with a Ni content ‘x’ between 0.81 and 0.83 from
two different manufactures were investigated for cathode production
(Ni-rich_polyA and Ni-rich_polyB). Both materials were coated by the
manufacturers, but no further detail was given about the coating. Due
to confidentiality agreements, no further information about the materials
can be given.

Cathode Preparation at Lab Scale: Electrodes were prepared in different
environments to exercise the influence of the process atmosphere on the
electrochemical behavior of the NCM-based active materials. For this pur-
pose, the electrode slurry was prepared on the following routes: mixing
and coating procedure was either performed in ambient lab atmosphere
or in a dry room with a dew point of the supply air of TD��65 °C.

Electrode slurry was prepared using a composition of 95.5 wt% of the
NCM-based active material, 1.5 wt% of PVDF as binder (Kynar Flex) and
3 wt% of conductive CB (C Energy Super C65, Imerys Graphite & Carbon),
while aluminum foil (Speira GmbH) was used as current collector for the
electrode. First, the binder polymer was dissolved in N-methl-2-pyrrolidon
(NMP). Afterward, the appropriate amounts of conductive agent and
active material were added and dispersed within 1 h with 8.4 m s�1 by uti-
lizing a dissolver with toothed disc (ambient atmosphere: Dispermat
LC30, VMA-Getzmann GmbH, dry-room atmosphere: Ultra Turrax,
IKA-Werke GmbH & CO. KG) to especially disperse the CB particles.
The electrode slurry was cast on the aluminum current collector by doctor
blading (Zehntner GmbH) resulting in electrodes having an average active
material mass loading of ML= 16 to 18mg cm�2. The electrode sheets
were dried for 1 h at 80 °C in a drying cabinet (Binder Labortechnik
GmbH). Afterward, compression of the cathodes was performed by a cal-
ender (Guangzhou CLG electric Equipment Co., LTD). Then, electrode
round punches with a diameter of 14mm were cut out and the drying
procedure was accomplished under reduced pressure of at least 10mbar
for 12 h at 100 °C (Büchi Labortechnik GmbH). The storage of the
electrode punches and assembling of the coin cells were carried out in
the dry room with a dew point of the supply air TD��65 °C.

Cell Assembly and Electrochemical Behavior: Lab scale coin cells CR2032
with a two-electrode setup[28] were utilized for the electrochemical pre-
investigations using high-purity lithium metal (Albemarle Corporation)
as counter electrodes (CEs, Ø= 15 mm). The 1 M LiPF6 in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) 1:1 by volume
with 2 wt% of vinylene carbonate (VC) as additive was used as electrolyte.
Round electrode punches as previously described were used as working
electrodes (WE). In the evaluated system, a one-layer Whatman
(Ø= 16 mm between WE and CE) was chosen as separator.

The NCM-based active materials were studied by C-rate tests in the
potential range between 3.0 and 4.3 V versus Li/Liþ. The theoretical capac-
ity of the cathode active materials was set to 200mAh g�1, thus, the spe-
cific current was set to 200mA g�1 for a rate of 1.0 C. Corresponding to
this calculation, the rate for the first 5 cycles at the beginning of C-rate test
was set to 0.05 C (formation cycles to verify the capability of the active
material). The following cycles were performed at 0.1C, 0.2C, 0.5C,
1.0C, 2.0C, and 5.0C and again 1.0C for five discharge cycles at each
C-rate. The charging rate was chosen to be equal to the discharge rate
for 0.05C, 0.1C, and 0.2C, for the higher discharge rates, it was set to
be 0.2C. All experiments were performed in a climatic chamber at
20 °C using a Maccor Series 4000 automated test system (Maccor, Inc.,
USA). For electrochemical analysis, two cells were averaged.

Cathode Preparation at Pilot Scale: For processing at pilot scale, the
polycrystalline active materials Ni-rich_polyA and Ni-rich_polyB were used.

The cathode slurries contained 95 wt% active material, 2 wt% CB
(C Energy Super C65, Imerys Graphite & Carbon), and 3 wt% PVDF binder
(5130, Solvay). NMP (BASF) was used as solvent. The dry compounds
were mixed using a Turbula T2f (Willy A. Bachofen AG
Maschinenfabrik) for 15min and 49min�1. Afterward, the dry compounds
were wet dispersed to a 600mL batch with the solvent to a solids content
of 70 wt%. For dispersion, a dissolver with tooth disc (Dispermat C60
VMA-Getzmann GmbH) was used. The procedure included 60min of dis-
persing and a peripheral velocity of the disk of νp= 9m s�1. Next, the
slurry was coated using a continuous coating system with comma bar
(Kroenert, LabCo) onto an aluminum current collector with a coating
speed of υCS= 2mmin�1. The slurry was dried in a convective dryer
with three stages of 2 m length (ϑdrying,1= 60 °C, ϑdrying,2= 80 °C,
ϑdrying,3= 100 °C, tdrying= 3min) with a target mass loading of
ML= 16 mg cm�2 of the resulting cathode. Afterward, the cathodes were
calendered to a target coating density of ρC= 3.0 g cm�3 by a Saueressig
GKL 400 calender.

Cathode Characterization: Specific electrical resistance and adhesion
strength were determined by a material testing machine (Z020, Zwick
Roell GmBH). The measurement of the specific electrical resistance
was performed according to Westphal et al.[33] and the measurement
of adhesion strength according to Haselrieder et al.[35] Measurement
was conducted for eight to ten cathode samples and averaged. To get reli-
able results, the device was placed in a dry room (dew point TD��30 °C).
Porosity and pore-size measurements were performed by mercury intru-
sion using a PoreMaster 60 (Quantachrome Instruments) according to
Froboese et al.[43] The porosity of the conductive network εCN was deter-
mined by Equation (1) according to Mayer et al.[29] This evaluation con-
sidered the internal porosity of CB and the impact of the binder in terms of
the cathode microstructure and, thus, expressed the porosity of the
conductive network εCN (assumption: εCN� εCB).[21,29] The calculation
of εCN included εC as the porosity of the coating, εC,AM as the coating
porosity resulting from the active material, as well as cv,AM as the volume
fraction of the active material of the coating. Porosity data generated by
mercury intrusion analysis were calculated with 0.01, 0.41, and 10 μm as
lower, minimum, and upper pore-size limit. For estimation of the porosity,
the mass loading of the cathodes was used.

εCN ¼ εC � εC,AM
1� cv,AM � εC,AM

(1)

Determination of Moisture Content via KFT: The moisture content of the
cathodes and anodes was determined according to Huttner et al.[14] by
coulometric KFT, using an Aqua 40.0 titrator with headspace module
(ECH Elektrochemie Halle). The titrator was placed in a dry room with
a dew point of TD��30 °C to achieve reliable measurements. The cath-
odes were measured at 120 °C for 20 min, the anodes used for cell assem-
bly at 100 °C for 10min and the separators at 80 °C for 20 min. For each
analysis, a threefold measurement was performed and averaged. For the
status “13 h after calendering” of the Ni-rich_polyA cathode, only two
values could be averaged. Because the current collector foil contained only
marginal amounts of water, the moisture content was calculated only in
relation to the coating.[44]

Determination of Sorption Equilibria via Magnet Suspension Balance: A
magnet suspension microbalance gravimetrically measured the water
uptake of a sample kept in a conditioned (temperature, humidity) environ-
ment. A variation of the humidity at a constant temperature yielded a
sorption isotherm. The microbalance had a resolution of up to 1 ppm
(for a sample weight of 10 g). The sample inside the measurement cell
connected contactless via a magnetic suspension to the microbalance
and was screened form the ambiance. A nitrogen flow saturated with water
mixed with a dry nitrogen flow (TD<�65 °C) conditioned the measure-
ment cell at ambient pressure. The precise activity (or relative humidity
in case of water) of the sample was monitored via a chilled-mirror
hygrometer at the exit of the measurement cell. This set up enabled
the determination of sorption equilibria in the activity range of 0.0–0.3
and was employed in amble studies.[32,45–47] A commonly used equation
to model sorption phenomena of is the Brunauer–Emmett–Teller (BET)
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isotherm.[48] This equation accounted for multilayer adsorption onto the
surface of a material and covered low activity ranges. The BET equation is
given as follows

X ¼ Xm ⋅ kBET ⋅ a
ð1� aÞ ⋅ ð1þ ðkBET � 1Þ ⋅ aÞ (2)

X and a are the solvent loading on the sample and sample’s activity,
respectively. kBET and Xm are adjustable parameters to fit the isotherm to
experimental data. The monolayer loading Xm provides further informa-
tion about the surface area of the sample

ABET ¼ Xm ⋅ Ai ⋅
NA

M̃i
(3)

The surface area ABET of the sample can be calculated with the
Avogadro constant NA, the molar mass M̃i of the adsorbing component,
and the surface area required by an adsorbing molecule.[48] In case of
water, this area is 12.5 Å2.[48]

SEM Images: For visual analysis, an SEM from Thermo Fisher Scientific
Inc. (Phenom XL) with a resolution of <14 nm at a primary beam voltage
of 30 kV was used. One sample at a time was acquired at 10 kV with a
resolution of 2048� 2048 at 0.1 Pa in the sample chamber.

Post-Drying, Cell Assembly, and Electrochemical Characterization: One
compartment two-electrode pouch cell assembly was realized in an
argon-filled glove box (GS Glovebox Systemtechnik GmbH). For post-drying,
anodes and cathodes were evacuated within the glove box oven under vac-
uum of 10�4 mbar for 5 h. After 1 h of heating up to 80 °C, every 30min, a
purging with argon gas was performed (up to 500mbar).[21] Anodes with
93wt% graphite as active material were used. Separion (Litarion GmbH)
served as separator. As electrolyte, LP 57 (Gotion Inc.) containing 1mol
LiPF6 and 2 vol% vinylene carbonate (VC) in a 1:1 mixture of EC and
DMC was used. Full cells were tested in a MACCOR battery cycler at
20 °C. Formation includes three steps at 0.2C charge and discharge followed
by a C-rate test (0.2C/0.5C, 0.2C/1C, 0.2C/2C, 0.2C/3C charge/discharge;
three cycles each). After short recovery (0.2C/0.2C charge/discharge),
long-time cycling was performed at 1.0C/1.0C charge. For electrochemical
analysis, performance of the best three cells out of five was averaged.
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the author.
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