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Introduction

1. Introduction

1.1. Motivation

Global warming and environmental degradation are some of the most serious challenges
facing society in the 215 century. In recent years, great efforts have been made worldwide
to combat these issues. For instance, the European Union (EU) has presented a concept
that aims to reduce European greenhouse gas emissions by at least 50% by 2030 in com-
parison to 1990 levels and to make Europe the first climate neutral continent by 2050 (“Eu-
ropean Green Deal”, 2019).[Y) For achieving these and similar goals, the transition to sus-
tainable energy production by the use of renewable energy sources must be enforced con-
tinuously. However, the performance of e.g. solar or wind energy converters is highly con-
tingent on the intermittent natural conditions. Therefore, balancing of energy supply and
demand becomes increasingly challenging./?! To compensate for such energy fluctuations,
the installation of decentralized and centralized stationary energy storage systems is re-
quired.B®! Energy storage systems are considered to be a key element to pave the way to
reduced emissions of greenhouse gases, not only in the energy sector, but also in the mo-
bility sector, by enabling the widespread use of electric (EV) and hybrid electric (HEV) vehi-

cles.l4

Lithium-ion batteries (LIBs) are one of the most widely used energy storage devices in the
energy and mobility sector due to their relatively high energy and power density as well as
long cycle life.”¥ In addition to these fields of application, LIBs power multiple portable elec-
tronic devices such as smartphones, tablets and laptops enabling wireless communication
around the world.®! Consequently, the inventors of lithium-ion batteries John B. Goode-
nough, M. Stanley Whittingham and Akira Yoshino were honored with the Nobel Prize in
Chemistry 2019.1%! The first commercial LIB was introduced by Sony Corporation in 1991
and to date remarkable progress in terms of e.g. lifetime, energy, and power density has
been made.!”) For example, in 2020, Contemporary Amperex Technology (CATL), one of the
battery suppliers for the automobile manufacturer Tesla, announced that they are already
able to produce batteries that allow electric vehicles to drive over one million miles.!8 How-
ever, as pointed out by Nobel Prize winner M. Stanley Whittingham very recently, re-

searches have tended to neglect the sustainability of LIBs in the last years.”! Therefore,
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future research has to focus on the development of new environmentally friendly LIB man-
ufacturing methods and innovative recycling processes.[>1% To enable a more sustainable
LIB production, the implementation of a water-based cathode manufacturing process
seems promising. Instead of the reproductive toxic and irritating organic solvent N-methyl-
2-pyrrolidone (NMP) and poorly recyclable fluorinated binders like polyvinylidene fluoride
(PVDF), this process uses water as a solvent and rather harmless binders like cellulose de-
rivatives.'!l In addition, various studies also estimated lower greenhouse gas emissions and

lower costs for this manufacturing method.[*1723]

Water-based electrode processing is already state-of-the-art for graphite-based anodes. [
In contrast, aqueous cathode manufacturing is still problematic due to the water sensitivity
of many cathode active materials that results in difficulties during electrode fabrication and
the deterioration of the electrochemical performance.** For the successful implementa-
tion of a sustainable cathode manufacturing process it is therefore essential to overcome

this obstacle.

1.2. Aim of the work

The aim of the present work is to elucidate the origin of the water sensitivity of cathode
materials from the class of nickel-rich layered oxides in detail and to derive solutions to
improve their suitability for an aqueous electrode manufacturing process. Nickel-rich lay-
ered oxide cathode materials are considered to be promising for batteries in EVs due to
their relatively low price, high capacity and nominal voltage.l!>9! |t is therefore assumed
that they will be implemented in the majority of EVs in the coming next decade.[!>16]

Overall, this work shall contribute to an accelerated and successful implementation of a
water-based cathode manufacturing process in the future and thus improve the sustaina-

bility of next-generation LIB production.

To achieve this goal, the following investigations have been carried out within the scope of

this work:

1. To identify correlations between water sensitivity and cathode material composition,
different layered oxide cathode materials have been evaluated in terms of water-in-
duced metal leaching and time-dependent pH evolution in aqueous medium. Further-

more, electrochemical tests on cells containing electrodes made with a water-based
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process have been conducted and the results have been compared to those of cells
with conventional NMP/PVDF-electrodes (sub-chapter 3.1.1).

The most water-sensitive cathode material has been identified and further studies
have been carried out to clarify the processes that take place upon water contact in
detail. Especially, the focus is set on the detection and elucidation of changes at the
active materials surface and the evaluation of their impact on the electrochemical per-
formance (sub-chapter 3.1.2).

In a next step, the active material surface has been modified with a protective coating
to reduce detrimental reactions during water contact and to improve the electrochem-
ical performance of cells with aqueous manufactured electrodes. The influence of the
coating amount has been evaluated in detail and a comparison of the cycling perfor-
mance of cells with NMP-electrodes and cells with optimized water-based electrodes
has been conducted (sub-chapter 3.2).

Finally, the scalability of the coating process has been investigated and the long-term
cycling performance of full cells with aqueous processed cathode and a graphite anode

has been evaluated (sub-chapter 3.3).
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2. Theoretical background
2.1. Lithium-ion battery

2.1.1. Working principle of a lithium-ion battery

The configuration and working principle of a lithium-ion battery during the discharge pro-
cess is illustrated in Figure 1. The cathode and anode are immersed in a lithium-ion con-
ducting electrolyte that consists of a lithium salt in an organic solvent. Typical lithium salts
are LiPFs and LiN(SO,F)2 (LiFSl), while alkyl carbonates such as dimethyl carbonate (DMC),
diethyl carbonate (DEC) and ethylene carbonate (EC) are common organic solvents.['”! The
cathode is defined as the electrode where electrochemical reduction takes place during
discharge (= spontaneous electrochemical reaction), while the electrode where oxidation
occurs, is defined as the anode. Although these processes change during charging, by con-
vention the terms remain the same. To avoid the contact of both electrodes and thus pre-
vent a short circuit, a separator (often polyolefin-based) is placed between the two elec-

trodes.[18]

e g e
Cathode (+) ‘ Anode (-)

|

'r‘ﬁ‘%‘ - Electrolyte

G2 R
A

Lithium cobalt oxide Graphite

Li, ,CoO, Li,Cq

Separator

Figure 1: lllustration of the configuration and working principle of a lithium-ion battery during the discharge
process.

During the discharge process, lithium ions migrate from the anode to the cathode and are
stored within the cathode active material structure. Simultaneously, electrons are trans-
ferred between the two electrodes through the external circuit. The storage of lithium ions
can occur via different processes such as alloying, conversion and intercalation, which de-

pends on the nature of the active materials.'®! The first commercial lithium-ion battery,
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which was introduced by Sony in 1991, consisted of LiCoO; (LCO) as cathode active material
and a petroleum coke-based anode material.l”2% Shortly afterwards, the latter was re-
placed by a graphite anode.[?” LCO and graphite belong to the class of intercalation com-
pounds. For these materials the reactions during discharge can be written as the following

(Eq. 1-3):

Anode (oxidation): LixCe = x Li*t+x e + Ce (Eq.1)
Cathode (reduction): Liz-xCoOz + X Li* + x e = LiCoO> (Eq. 2)
Total reaction: LixCe + Li1xCoO2 — LiCoO; + Cs (Eq. 3)

Other typical anode active materials are silicon, lithium or LisTisO12 (LTO). A detailed de-

scription of further cathode active materials is given in sub-chapter 2.2.

2.1.2. Important parameters to characterize a lithium-ion battery
The following section provides an overview of important parameters to characterize a lithi-
um-ion battery. For the more detailed descriptions, reference is made to the associated

specialist literature.[?12]

Capacity

The theoretical capacity Q: of an electrochemical cell is defined as the amount of charge
that can be stored or released. It depends on the amount and nature of the electroactive
species (number of electrons that are involved in the electrochemical reaction). Q: can be

calculated as follows (Eq. 4):
Qi=nF (Eq. 4)

n is the number of moles of electrons involved and F is the Faraday constant. Its unit is
typically given in ampere-hours [Ah]. The practical capacity Qp is the actual capacity that
can be obtained under given conditions. Q, depends on various factors such as operating
temperature, cutoff voltage, kinetic limitations and cell construction. The capacity calcu-
lated per mass of active material is called the specific capacity Qs and has the unit ampere-

hours per kilogram [Ah kg™].
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Coulombic efficiency
The Coulombic efficiency (C. E.) is defined as the ratio of capacity obtained during the dis-

charge process Quischarge OVEr capacity obtained during the charge process Qcharge (EQ. 5):

_ Qdischarge

C.E. (Eq. 5)

Qcharge

Its unit is percent [%]. A Coulombic efficiency close to 100% indicates a high reversibility of

the electrochemical processes and the occurrence of only minor side reactions.[26]

Capacity retention
The capacity retention [%] is the remaining capacity of an electrochemical cell after N
charge/discharge cycles (Qn) in comparison to the capacity obtained in a previous cycle

(e.g. first cycle capacity, Qi) (Eqg. 6):

. . Qy
Capacity retention = a (Eg. 6)
1

A high capacity retention value indicates a stable cycling performance of an electrochemi-
cal cell. For batteries in electric vehicles, the widely accepted end-of-life (EoL) criterion is

reached when the capacity retention drops below 80%.27!

C-rate

The pace at which charging and discharging of an electrochemical cell is conducted is de-
noted as the C-rate. The unit of the C-rate is [h'}] and can be calculated by the following
equation, where t is the time in hours taken to completely charge (or discharge) the cell, i

the applied current [A] and Q the battery capacity [Ah] (Eq. 7):

1
C-rate = i (Eq.7)

i
Q
Electrode potential and cell voltage

The equilibrium potential E of a redox electrode can be calculated with the Nernst equation

(Eq. 8):

(Eq. 8)
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E%is the standard electrode potential, R the universal gas constant, F the Faraday constant,
z the number of transferred electrons, T the temperature and a the activity of the compo-

nents involved in the electrochemical reaction.

The equilibrium voltage Vo [V] of an electrochemical cell is given by the difference of the

potentials of the two redox electrodes (Eqg. 9).

VO = Ecathode' Eanode (EQ- 9)

Polarization and overpotential
When current flows, the actual cell voltage V deviates from the equilibrium voltage Vo. This
phenomenon is called polarization. The extent of polarization is called the overpotential n,

which is the difference between the actual voltage and the equilibrium voltage Vo (Eq. 10):
n= V-V, (Eq. 10)

The total overpotential is the sum of different overpotentials, with some important ones
being ohmic polarization nonm (= chmic or internal resistances including e.g. electrolyte re-
sistance and contact resistance of the cell components), concentration polarization ncon
(= accumulation/depletion of reactive species causes a concentration gradient; as a conse-
quence the reaction rate is limited by mass transport) and activation or charge transfer
polarization nc (= reaction rate is limited by the passing of charge carriers through the elec-
trode/electrolyte interface requiring activation energy). The latter one can be mathemati-
cally described with the Butler-Volmer equation that correlates the current density with

the charge transfer polarization ne.2>4

The impact of these three polarization effects on the cell voltage as a function of the cur-

rent density is shown in Figure 2.
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ideal voltage

t ohmic polarization n,,,

; activation polarization n

o

concentration polarization n,,

cell voltage

v

current density

Figure 2: Impact of polarization effects on the cell voltage in dependency of the current density. The illustra-
tion was redrawn based on reference [25].

Mean voltage

The mean voltage V (e.g. discharge mean voltage Vischarge) determines the nominal voltage

of an electrochemical cell and is defined as (Eq. 11):128

~ deischarge
Vdischarge = jvdischarge fdQ— (Eq. 11)
discharge

Energy Density

The term energy density refers to the amount of energy that can be stored in a battery. Its
value is typically given per unit of mass (gravimetric energy density; [Wh kg]) or volume

(volumetric energy density; [Wh L]). The energy density can be calculated as follows

(Eq. 12-13):

1 -
Gravimetric energy density = = (QVv) (Eq. 12)

1 -
Volumetric energy density= v (Qv) (Eq. 13)

Here, m, v, Q and V are the mass, volume, capacity and mean voltage of the battery, re-

spectively.
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2.2. Cathode materials: A huge variety of materials

Over the last decades, a large variety of cathode materials have been developed for lithium-
ion batteries. Each cathode material has different characteristics in terms of electrochem-
ical properties, safety, lifetime, and costs that must be considered for the field of applica-
tion. Divisions can be made based on the crystal structure of the cathode materials.[?!
Some common cathode materials (Table 1), which are already implemented in commercial
batteries, are LiCoO; (LCO) and LiNio.33C00.33Mno 3302 (NCM111) both belonging to the class
of layered oxides, LiMn,04 (LMO) from the spinel class, and the olivine LiFePO4 (LFP).130

Table 1: Practical capacity and nominal voltage of some common cathode materials, which are already im-
plemented in commercial lithium-ion batteries. The data was taken from reference [21].

cathode material practical capacity / mAh g* nominal voltage / V
LiCoO:z (LCO) ~ 150 3.9
LiNi0.33C00.33Mn0.3302 (NCM111) ~ 154 3.7
LiMn204 (LMO) ~ 130 4.0
LiFePOa4 (LFP) ~ 160 34

For the rapidly growing market of electric vehicles, improvements in terms of energy den-
sity are urgently needed to meet consumer demands for longer driving ranges. For these
batteries nickel-rich layered oxides have been identified as promising cathode materials

due to their high capacity, nominal voltage, and relatively low price.[*"]

2.2.1. Ni-rich layered oxides — derivatives of LiNiO-

2.2.1.1. Structure and synthesis of LiNiO>

Ni-rich layered oxides with the formula LiNi1-xMxO2 (M = Co, Al, Mn, Mg, etc.) are derived
from LiNiO2 (LNO). Ideal stoichiometric LiNiO2 has a layered a-NaFeO; structure with R3m
space group.3321 The oxygen anions (0%) form a face-centered cubic (fcc) lattice (AB CA
BC stacking), where the octahedral sites are occupied with lithium (Li*) or nickel (Ni®*) cati-

ons resulting in the formation of alternating Li-O-Ni-O slabs (Figure 3a).3%:33:34
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a) b)
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Figure 3: lllustration of a well-ordered R3m structure for LiNiO: (a, redrawn based on reference [35]) and
partial cation mixing with Ni?* in the lithium and nickel slab (b).

However, the synthesis of ideal stoichiometric LiNiO; is hard to achieve since the presence
of some Ni?*is practically inevitable, thus Bianchini et al.3® proposed that ideal stoichio-
metric LNO has likely never been synthesized to date.3%33371 The actual formula is therefore
better described as Li1--Ni1+;02, where even for well controlled synthesis conditions z is on
the order of 0.01 — 0.03.31.3436383%] | general, various aspects must be considered for the
synthesis of LNO. The nickel precursor usually has the oxidation state +2.33364041] For the
successful oxidation of Ni?* to Ni3* the best results were achieved with a continuous oxygen
flow during synthesis, where the gas flow additionally enables the removal of decomposi-
tion products such as CO; and H,0.[33:364041] Moreover, the sintering temperature is a de-
cisive factor. While high temperatures generally enable the rapid synthesis of crystalline
compounds, LNO is unstable at high temperatures and decomposes with the release of

oxygen (Eq. 14) 3642431,

- 1 . . z .
LiNiO, — ELILZNIhzOz + ELIzO 0, (Eg. 14)

z
+
2(1+z)

In a subsequent reaction, the lithium oxide formed can then be converted into volatile lith-
ium peroxide (in the O»-containing atmosphere).[*244 To compensate for this lithium loss,
a slight excess of lithium precursor can be used.3®! As a consequence, this can lead to the
deposition of unreacted lithium salts such as Li,COs or LiOH on the surface of the cathode
material that can detrimentally influence the electrochemical performance.’*¢4> Common
synthesis techniques include co-precipitation!*®], sol-gel synthesis!*’], micro-wave assisted

synthesisi32, combustion!*®!, and hydrothermal synthesis[*°.

10
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Since the presence of some Ni%* instead of Ni** is practically inevitable (see section above),
there are some deviations from the ideal LiNiO; structure: In particular, Ni** can easily oc-
cupy positions in the lithium layer.3838 This phenomenon is often described as cation mix-
ing. For charge compensation, Ni?* is present not only in the lithium slab but also in an
equal amount in the nickel slab.3®l As a result, the nickel slab expands (r(Ni3*) < r(Ni%*)),
while the lithium slab (r(Ni?*) < r(Li*)) contracts (Figure 3b).[36381 When Ni%* is present in the
lithium slab, the lithium diffusion during cell operation is impeded due to the contraction
of the lithium slab and the repulsion of Li* by Ni?*.137] The mechanisms for lithium diffusion

during cell operation are explained in more detail in the next section.

2.2.1.2. Electrochemical characteristics of LiNiO:

The theoretical specific capacity of LiNiO2 is 274 mAh g1.15% This calculation is based on the
assumption that LNO is ideally stoichiometric and Ni3* is completely oxidized to Ni** during

delithiation according to the following equation (Eq. 15):(3¢!

+lI1 +V
LiNiO; — NiO; + Li* + e (Eq. 15)
As described in the previous sub-chapter (2.2.1.1) stoichiometric LNO is hard to synthesize.
Therefore, the practical achievable capacity is always lower. In recent years, discharge ca-
pacities of around 250 mAh g in the first cycle have been reported due to improved syn-
thesis conditions.>%°2 Combined with a mean voltage of ~ 3.8 V, LNO is in principle a can-

didate for electrochemical cells with high energy density.[?1:30]

During delithiation/lithiation several phase transitions can be observed for LNO (Figure 4),
which have been investigated by various authors with ex situ and in situ x-ray diffraction
(XRD) and can be correlated with the electrochemical characteristics.l>%>354 The following
phase transition sequence during the extraction of lithium ions is accepted in the litera-
ture:13® Transition of a hexagonal phase (H1) to a monoclinic phase (M) followed by a sec-
ond (H2) and third hexagonal phase (H3). During lithium insertion this sequence is reversed.
While it is more common in literature to use H (for hexagonal), sometimes authors in the
literature use R (for rhombohedral). Although this may seem contradictory, phases belong-
ing to the R3m space group (as assumed in literature for H1, H2 and H3)P% may be de-
scribed either by a rhombohedral (a=b=c; a =B =y #90°) ora hexagonal (a=b#c;a=f

=90°y = 120°) unit cell.B?]

11
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Figure 4: Phase transitions detected for LiNiO2during cycling. The figure was reproduced from reference [50]
(open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY,

http://creativecommons.org/licenses/by/4.0/)).

For lithium diffusion in layered oxide cathode materials such as LiNiO3, in general, two main

mechanisms — tetrahedral site hop (TSH) and oxygen dumbbell hop (ODH) — were described

by van der Ven et al. (Figure 5).565°7]

Tetrahedral site hop (TSH)

low activation energy

oxygen anions

lithium cations

metal cations

Oxygen dumbbell hop (ODH)

high activation energy

Figure 5: Lithium migration paths in layered oxides proposed by van der Ven et al.’®l: Tetrahedral site hop
(TSH) and oxygen dumbbell hop (ODH). The illustration was redrawn based on reference [56].

The type of lithium diffusion mechanism depends on the number of lithium vacan-

cies.[37°657] |n the early state of lithium extraction (beginning of the charging process) only

single vacancies are present, which is why the ODH mechanism dominates. The lithium cat-

ion migrates directly to the free octahedral site and passes a dumbbell of oxygen anions.

12
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With a higher degree of extracted lithium ions, the number of divacancies increases, so that
the TSH mechanism becomes possible. In this mechanism, the lithium ion migrates in a
curved path via a tetrahedral site to the vacancy. The TSH mechanism has a lower activation
barrier as compared to the ODH mechanism, and therefore becomes the predominant

mechanism when divacancies are present.[®

2.2.1.3. Degradation phenomena of LiNiO>

LNO has not been commercialized so far due to various degradation phenomena which are

discussed in this section.[3:53]

Mechanical stability

One issue is the phase transition from H2 to H3 at high state of charge (sub-chapter 2.2.1.2)
since it is accompanied by an abrupt unit cell volume contraction of approx. 3.8%.[50:53:581
This mechanical stress can induce the formation of various cracks in the cathode particle
as illustrated in Figure 6.5%%% Harmful consequences are the disruption of lithium ion dif-
fusion (a) and capacity loss due to electrical isolation (b, e).5°! If a crack increases the elec-
trochemically active surface areas (c, d), then the effect may be beneficial, but may also
accelerate side reactions with the electrolyte.!>6% The formation of cracks progresses from
cycle to cycle and thus drastically accelerates the cell degradation.®>6% By lowering the
higher cut-off voltage, the mechanical aging has been shown to be minimized, however,
this limits the achievable specific capacity.l>!

¢) microcrack with

electrolyte accessibility
d) particle fracture with
\ o °

b) particle fracture with ./ electrical contact
electrical isolation \ ® .

e LINIO, particle

°
°
/ e) microcrack with
a) microcrack with e o o

electrical isolation
electrical disruption

® conductive carbon

Figure 6: Formation of different cracks and their consequences. The illustration was redrawn based on refer-
ence [60].

Thermal stability
The thermal stability of cathode materials is a key aspect since it affects the safety of a

lithium-ion cell. Dahn et al. reported that lithiated LNO is stable up to high temperatures,
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while it is unstable in a delithiated state.!5?! By investigating LixNiO2 with x =0.3, 0.4 and 0.5
they found that oxygen can be released at a temperature of around 200 °C (a temperature
that can be reached during a thermal runaway of a lithium-ion battery!®3]). While no oxygen
release was detected for LipsNiO2, the amount of oxygen increased when decreasing x from
0.4 to 0.3. As a consequence the release of oxygen into the electrolyte, which is heated

above its flash point can lead to a violent reaction.[36:62,64]

Moisture stability

To date, various authors reported an extreme moisture-sensitivity of LNO, which results in
the degradation of the cathode material and in turn accelerates the cell degradation. (6456l
A more detailed discussion of the moisture sensitivity of LNO and its Ni-rich derivatives will

be given in sub-chapter 2.3.2.

Structural stability and electrolyte decomposition during electrochemical cycling

A well-known problem is that the structure of LNO is unstable during electrochemical cy-
cling and a layered to rock-salt (NiO-like or LinNii-nO-like phase) transformation is in-
duced.3867.681 The rock-salt structure is mainly detected on the particles surface and can be
several nanometers thick.P1® The transformation is triggered by the reduction of the
highly reactive Ni**, which is formed during delithiation.!3¢671 The structural transformation
proceeds with the release of oxygen, although it is still unclear whether the transformation
to the rock-salt structure has a spinel intermediate.[®”.7% Since a continuous increase in
cathode impedance can be observed during cycling, many authors assume that this in-
crease is correlated to a poorer ionic conductivity of the rock salt phase.5%%%71 However,
an exact characterization of the rock salt phase is very challenging, and another explanation
might be also Ni**-induced electrolyte oxidation and the deposition of undesirable decom-

position products on the particle surface.[16:72]

2.2.2. Element substitution in LiNiO2 — NCA and NCM

In recent years, various strategies have been developed to minimize the degradation prob-
lems of LiNiO3 (sub-chapter 2.2.1.3). A very successful approach is the substitution of nickel
with elements such as cobalt, aluminum, manganese, titanium, and magnesium.36.73.74]
Two promising cathode material classes that can be obtained by element substitution are
NCM (LiNi1xyCoxMnyO2) and NCA (LiNi1x.,CoxAlyO2). Myung et al. even proposed that the

majority of EVs coming up in the next decade, will contain Ni-rich NCM or NCA.[*8l While it
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is common for NCM materials to add the ratio of Ni/Co/Mn in numbers in the name (e.g.
NCM811 = LiNio.sC00.1Mno.1032), this additional description is normally missing for NCA ma-
terials, so that the exact composition is often not directly apparent. In the following section,

some advantages reported for Co-, Al- and Mn-substitution will be discussed briefly.

Cobalt substitution

Due to the similar ionic radii of Co3* (0.0545 nm) and Ni3* (0.056 nm), nickel can be rela-
tively easy substituted by cobalt.[’>! The redox pair Co3*/Co** is also electrochemical active
and can therefore contribute to the achievable capacity.[”>) Main beneficial effects reported
for cobalt substitution are the stabilization of the structure by diminishing Li*/Ni?*-mixing
(sub-chapter 2.2.1.1) and the effective suppression of the phase transitions during charging
and discharging (sub-chapter 2.2.1.2).1387378 However, the effective suppression of cation
mixing, and phase transitions is highly dependent on the amount of substituted cobalt.[>®!
Interestingly, the group of Jeff Dahn reported in 2019 that for cathode materials with the
general formula LiNig.9sMo.0s02 (M = Co, Al, Mg or Mn), regardless of whether nickel is sub-
stituted with cobalt, magnesium or aluminum, Li*/Ni**-cation mixing is nearly the same.[>8
Moreover, they found that Mg-, Mn- or Al-substitution is even more effective in suppress-
ing the phase transitions leading them to the conclusion that cobalt is not necessary in
these materials. The complete exclusion of cobalt substitution would benefit the cathode
material price and avoid children work in cobalt mining.l>® However, further studies must
prove whether this would be compatible with a good electrochemical performance. Finally,
it should be mentioned that it is also possible to synthesize LiNixCo1x02 compounds by dop-

ing LiCoO; with nickel.l’”]

Aluminum substitution

The price of aluminum is relatively low as compared to cobalt. However, Al3* is redox-inac-
tive, which means that the achievable capacity decreases with increasing substitution. Dif-
ferent positive effects of Al-substitution such as increase of thermal stability of the delithi-
tated cathode material and therefore enhancement in battery safety!’8], suppression of
phase transitions®, diminishing particle cracking®® and increase of mean cell voltagel’®

have been reported so far.
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Manganese substitution

Manganese substituted LiNiO2 (LiNi1xMnxO2) has been systematically investigated by Ros-
sen et al. in 1992.18% They reported that the incorporation of Mn is possible up to x = 0.5
and proposed that manganese in the oxidation state +4 is formed with increasing x. Koyama
et al. calculated the oxidation states in LiNio.sMno502 as Ni2*/Mn** rather than Ni3*/Mn3*.[81
This can lead to an increase in Li*/Ni?* cation mixing, decrease of capacity and deterioration
of the electrochemical performance.”>8%82] However, advantages have been reported to
be the low costs of manganesel’”], lower synthesis temperature for the Mn-substituted
cathode material than for pure LiNiO®2, increased thermal stability in a delithiated

statel®3 and suppression of phase transitions!>8l,

In summary, several improvements compared to pure LNO can be achieved by element
substitution, although the exact amount and type of substituent is a decisive factor to reach

the best electrochemical performance.
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2.3. Electrode processing

Figure 7 shows the schematic structure of a LIB electrode. The electrode is a porous com-
posite consisting of active material particles, conductive additives and binder.!®* The role
of the binder is to ensure adhesion on the current collector and cohesion within the com-
posite.!8>86 Conductive additives are integrated to ensure the formation of sufficient elec-
tron paths.!8>88 The ratio of the composite components is essential for the later perfor-
mance of the battery.[”) In the case of energy density optimized electrodes, the amount of
electrochemically inactive materials (binder and conductive additives) is kept as low as pos-

sible.[8588]

Active material

® Conductive additive

~~ Binder

Current collector

Figure 7: Illustration of a LIB electrode consisting of active material, conductive additives and binder coated
on a current collector.

To manufacture an electrode, various process steps are required (Figure 8):(21.858 First, in
order to prepare a homogenous electrode paste (slurry), the binder is dissolved in a solvent
followed by admixing of active material and conductive additives. Then, the slurry is coated
on the current collector in the desired pattern and thickness. A subsequent drying process
ensures that the solvent and moisture are removed. Finally, the electrode is calendered to
increase electrode density and cut in the desired shape. While slot-die coating is the most
common process in the industry, electrodes can be easily prepared by the doctor blade

technique on a lab scale.[888]

Conductive Active Solvent recovery
additive material Slurry

3 Q .
Jr Coater - e - Further steps:

+ Oven calendering, cutting

Solvent \% ~ | Binder

=
Rl

Figure 8: lllustration of the slurry preparation process and electrode manufacturing process. The illustration
was redrawn based on reference [11].
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For state-of-the-art cathodes mainly polyvinylidene fluoride (PVDF) as a binder and N-me-
thyl-2-pyrrolidone (NMP) as a solvent are used. Contrary, state-of-the-art anodes are pro-
cessed with water as a solvent and water-soluble binders such as carboxymethyl cellulose
(CMC), styrene-butadiene rubber (SBR) or polyacrylic acid (PAA).[12%] The reason for this
will be explained in detail in sub-chapter 2.3.2.. However, the implementation of a water-
based electrode manufacturing process also on the cathode side would have several ad-

vantages.

2.3.1. Advantages of aqueous electrode processing

In terms of environmental benignity, the use of water as a solvent allows the substitution
of the reproductive toxic and irritating organic solvent NMP, which is included in the can-
didate list of substances of very high concern (SVHC) in the European Union that may have
serious impact on human health or the environment since 2011.°Y Recently, on May 9t
2020, the use of NMP was limited in the EU.1®2 According to this new REACH (Regulation
concerning the Registration, Evaluation, Authorization and Restriction of chemicals) regu-
lation, the sale and use of mixtures with a NMP content > 0.3wt% is only permitted if cer-
tain exposure threshold values (derived no-effect levels (DNELs)) for workers are met. In
detail, the values for exposure by inhalation have to be below 14.4 mg m™ and for dermal
exposure below 4.8 mg kg per day. Not only in the EU, but also in countries such as the
USA, Australia and Canada measures are taken to protect workers from NMP exposure.[®3!
In contrast, for some countries in the Asia Pacific region such as China, the existence of
regulatory limits for NMP exposure is unclear.®3 In addition to the substitution of NMP by
water, the replacement of the fluorinated, poorly recyclable PVDF-binder by suitable wa-
ter-soluble binders would contribute to greener electrode production.* Concrete num-
bers regarding the environmental impact were reported by Zackrisson et al..[*3] In their life
cycle assessment they estimated the emissions of CO; equivalents for a 10 kWh battery
pack made with NMP/PVDF-electrodes to be about 4,400 kg, while the emissions would be

reduced to 3,400 kg CO; equivalents when switching to water and a water-soluble binder.

Another benefit of aqueous electrode processing is the forecast of reduced electrode man-
ufacturing costs.[12909495] The contribution of the electrode manufacturing costs to the to-
tal battery pack costs are estimated to be around 8 — 9%.1°°! The cost savings for aqueous

electrode processing are seen in multiple aspects: The costs for the raw materials NMP
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(1.25$ L'Y) and PVDF (5.5 $ Ib?) are significantly higher than the costs for water (0.015 $ L)
and the commonly-used binder CMC (1.1 $ Ib1).[12 Moreover, for the electrode drying pro-
cess, Susarla et al. calculated a nearly ten times less drying energy per kg solvent when
using water instead of NMP.?>! In contrast the costs during the drying step were estimated
to be nearly identical for both solvents in a report by Wood et al..®®l However, these au-
thors found that significant cost savings (reduction of the costs by almost the half) can be
made due to the fact that a water-based process does not require explosion protections
for slurry mixers and other process equipment, a solvent emission control system, and a
solvent recovery system. Their calculations estimated $3 — 6 million cost savings in capital
equipment when building a new plant producing 100,000 units of 10 kWh plug-in hybrid

electric vehicle (PHEV) batteries per year.

In addition, using aqueous binders such as CMC%%7], chitosan derivatives®®% xantham
gum100.101l 5lginatel02l and PAAIL®3] can also have an advantageous effect on the cell per-
formance. Various authors reported increased adhesion to the aluminum current collector,
a more uniform electrode microstructure and less electrode swelling by the electro-
lyte.[1197-99] This in turn led to better de-/lithiation kinetics and lower internal cell re-

sistance.

2.3.2. Challenges of aqueous cathode processing

As mentioned in sub-chapter 2.3, the implementation of an aqueous electrode manufac-
turing process for the cathode side is still under investigation, while an aqueous electrode
processing for the anode side is already state of the art. The reason is the water sensitivity
of cathode materials. Here, further distinctions regarding the water sensitivity must be
made for the different cathode materials. For example, the cathode material LFP has
proven to be relatively insensitive in water, which is attributed to its high structural stability
due to the strong Fe-P-O bond.[*Y Consequently, various studies reported excellent elec-
trochemical performance of cells containing water-based LFP-electrodes which even out-
performed cells made with NMP/PVDF-electrodes.[11:10010L,103] Neyertheless, also LFP has
shown to be not completely water resistive. Porcher et al. observed the formation of a few
nm-thick LisPO4 layer together with the increase of Fe3* percentage when LFP is soaked in

water, which however had no significant impact on the electrochemical performance.[*04
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Furthermore, it was reported that the degradation of LFP in water depends strongly on the

mixing conditions.[1%]

Contrary, lithium transition metal oxides such as NCM and NCA are, in general, much more
prone to water-induced degradation.l** The typical problems that arise when processing
lithium transition metal oxides in water are the detection of metal ions (in particular lithium
ions) in the aqueous medium, degradation of the active materials surface and a highly al-
kaline slurry pH.[11.66:106-108] The |tter aspect can lead to the breakdown of the natural ox-
ide layer on the aluminum current collector (slurry pH > 9) and initiate aluminum corrosion
and the concomitant generation of hydrogen gas via the following mechanism

(Eg. 16-17):1109,110]

A0z + 20H + 3H0 — 2 [AI(OH)4] (Eq. 16)

2AI + 20H + 6H,0 — 2[AI(OH)a] + 3 H, (Eq. 17)

The alkalinity is directly related to the presence of lithium ions. The exact origin of the de-
tected lithium ions is still under discussion in literature. Some authors report residual alka-
line lithium compounds, such as lithium hydroxide or lithium carbonate, on the cathode
surface stemming from unreacted precursors of the production process that are dissolved
when the cathode materials are immersed in water.[!1] Others suggest the occurrence of
a Li*-/H*-exchange mechanism in the aqueous medium and the concomitant formation of

lithium hydroxide or lithium carbonate if CO; is present (Eq. 18-19):[65112-114]

Li* (active material) + H,O — H* (active material) + LiOH (Eq. 18)

2LIOH + CO2 — LiCOs3 + H20 (Eqg. 19)

Another possible explanation is the formation of lithium species through the reaction of
active oxygen species on the oxide surface with water and CO2 molecules.[6®1%3 |n detail,
the formation of the active oxygen species and its further reactions were proposed by Liu

et al. as the following (Eq. 20-24):[66]

Ni¥* + O% (lattice) — Ni** + O (Eq. 20)
O +0 - O0%(active) + O (Eq. 21)
0% (active) + CO2/H,0 — CO03%/2 OH" (Eqg. 22)
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2 Li* + CO3>/20H — Li,CO3/2 LiOH (Eqg. 23)

O+0 - 0Oy or O+0 - 0O (Eq. 24)

The reaction is initiated by the spontaneous reduction of Ni** to Ni** accompanied by the
oxidation of lattice oxygen to active oxygen (O). In the next step, active 0% and neutral O
is formed in a disproportionation reaction. Active 0% can then react with carbon dioxide or
water molecules to form OH and COs%, which in a follow up reaction together with surface
Li* form Li,CO3 and LiOH. Neutral oxygen (O) either recombines to O, or reacts with active

O forming Oy

Surface changes induced by moisturized conditions during the storage of cathode materials
have been already shown to dramatically worsen the cell performance.[!16-118] However, in
the context of aqueous processing water-induced surface changes are often neglected or
not investigated in literature. Further research addressing this point is therefore urgently
needed to clarify the implications of aqueous electrode processing on cathode materials in

more detail.

2.3.3. Strategies to overcome obstacles of aqueous cathode
processing

In recent years, various strategies have been developed to overcome the obstacles arising
during a water-based cathode fabrication. In 2014, Doberdo et al. reported that by applying
a few pum-thick carbon coating layer on the aluminum current collector the direct contact
of the alkaline slurry with the current collector can be prevented and therefore aluminum
corrosion be reduced.[9 |n the following years this technique has been adopted in a huge
number of reports.[?>11%-1221 However, this approach is disadvantageous insofar that an ad-
ditional process step (coating of the current collector) is necessary and the energy density

of the cell is decreased due to the higher mass of electrochemically inactive material.[*!

Other approaches addressing the alkalinity of the slurry, are the addition of ac-
ids[106,107,110,121,123-126] o amphoteric oxides*?”) during electrode processing to shift the pH
value into the region, where aluminum is passivated. However, it has been demonstrated
that the addition of acids can simultaneously result in an accelerated dissolution of the
transition metals of the active material.[1”! Therefore a number of studies concluded that

cathode materials are most stable at their native pH value.[1°6121 Bauer et al. reported that
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the addition of acids can also have detrimental impacts on the slurry rheology and elec-
trode adhesion on the current collector.[2%! Nonetheless, very recently, promising results
have been reported for even Ni-rich layered oxide cathode materials when PAA, which acts
as acid and binder at the same time, is used.[106124125] For example in 2020, Kuo and Li
investigated aqueous electrode processing with PAA as binder and NCM811 as cathode
material. The slurry pH was nearly neutral and half cells with water-based electrodes
showed a high initial capacity of 189.2 mAh g* and a high capacity retention of 84.2% (100
cycles, 0.2C).11251 However, the impact of the acidic PAA binder on the long-term perfor-

mance still needs to be investigated in detail.

Beneficial effects by the addition of amphoteric oxides such as SiO, and Al,O3 have been
reported by Memm et al..['?”! Depending on the amount of additives they were able to
reduce the pH value of a NCM111-slurry from 11.8 (without additives) down to 8.8
(13.6wWt% Al,03) and 8.6 (13.6wt% SiO), respectively. Analogous to the approach with car-
bon coated aluminum foil, this method introduces material which is not able to store lith-

ium ions and thus lowers the energy density of the cell.

All the approaches described above attempt to mitigate the negative consequences of the
contact between cathode material and water, rather than preventing the reaction of cath-
ode material with water in the first place. The surface modification/coating of the cathode
material particles therefore seems to be a more sustainable approach since it can prevent
the contact of the active material with water and thus inhibit negative consequences of
aqueous processing from the beginning. Here, when analyzing the literature, it is possible
to differentiate between surface modification prior to or during aqueous electrode pro-

cessing (in situ).

Surface modification prior to an aqueous electrode manufacturing was first reported by
Laszczynski et al. in 2015.128] By applying a vanadium oxide (VOx) coating on Li-rich NCM
particles, leaching of metals and therefore corrosion of the aluminum current collector
upon water contact was reduced resulting in improved performance of cells with coated
material as compared to cells with uncoated active material. In the following years various
coating materials such as carbon, Al;03, TiOx, Nb;0s, VOxhave been investigated as protec-
tive surface layers during aqueous electrode processing on LiCoPQOas, Li-rich NCM,

LiNio.sMn1.502 and NCA, which all had a beneficial effect on the cell performance.*?°]
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For the in situ approach, so far two different methods can be found in literature. In 2016,
Loeffler et al. reported that the addition of phosphoric acid to an aqueous NCM111 slurry
lowers the pH value to the aluminum stable regime while simultaneously forming a protec-
tive metal phosphate coating on the active materials surface.['°”! As a result, remarkable
full cell performance with a capacity retention of 95.66% after 311 cycles was achieved. In
the meantime, this method has been used several times for different active materials such
as NCM111[107.130 - NCM424131 NCM5230123) Li-rich NCMU132] or LNMQ!120,122,126,133,134]
with further improvements such as the addition of citric acid[129122126134] regylting in the
crosslinking of the binder. An in situ surface coating can also be achieved by injection of
CO; gas into the electrode slurry. This method was firstly reported by Kimura et al. in
2018.13] There, a LiCOs coating was formed on NCA particles and was accompanied by a
decrease of the slurry pH value from 12.2 to 8.3. Overall, this approach resulted in the im-
proved performance of cells containing electrodes made with CO; gas injection compared

to the variant without gas treatment.[13>136]

Comparing the two coating strategies — coating prior to electrode fabrication and in situ
coating —, the in situ method has the advantage that no additional coating process is nec-
essary. On the other hand, when using the in situ approach, the active material is unpro-
tected at least for the short period until the protection layer is formed. Recently in 2020,
both methods were combined by Watanabe et al..['3”] By combining TiOx-coated NCA par-
ticles prepared prior to electrode fabrication with CO; gas injection during aqueous slurry
preparation surface double coated (TiO«/Li2CO3) NCA particles have been obtained. As a
result, half cells with water-based electrodes with double coated NCA delivered compara-
ble performance in terms of cycling stability and C-rate dependency to half cells with un-

coated NCA NMP/PVDF electrodes.

As many of the reports described above performed the tests in half cells (= lithium anode),
the long-term performance still has to be proven as the lithium anode might compensate
lithium loss that resulted from aqueous processing. To develop even better coating mate-
rials in the future, an even more intensive focus has to be set on the detailed investigation
of the impact of water on the cathode material and the protection mechanism of the coat-

ing material.
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2.4. Electrochemical methods

2.4.1. Galvanostatic measurements

Depending on the cell chemistry, each battery needs to be operated in a specific voltage
window to guarantee safe cycling. Otherwise, overdischarge and overcharge can lead to
severe safety issues such as thermal runaway or battery swelling.[*38 Charging and dis-
charging of a battery can be conducted by various techniques.'3%1401 |n this work, two dif-
ferent charge/discharge techniques were chosen (Figure 9). In the CC-CC technique, the
cell is charged with constant current (CC) until the cell voltage reaches the specified charge
cutoff voltage. Then the cell is discharged with constant current until the cell voltage drops
to the discharge cutoff voltage. In the CCCV-CC technique the cell is first charged with con-
stant current, but as soon as the charge voltage cutoff is reached, the cell voltage is held
constant (CV) until the current drops to a specified value. Discharge is again conducted in
the CC-mode. In general, using the CCCV-CC technique enables higher capacity values to be
achieved.[**% Compared to the CC-CC technique, the disadvantage is that the charging time
is significantly increased and the cell is held at a high voltage for a longer period of time,

which might favor side reactions.

CC-CC technique CCCV-CC technique
cC charge charge
o cutoff voltage cutoff voltage
/e
/ o
e
=& So
] 9 ~ < ] <
o =3 o =3
£ 0 3 £ 0 3
E] o 5 o
Q m Q m
cc discharge discharge
==1 cutoff voltage cutoff voltage
time time

Figure 9: lllustration of different charge-/discharge techniques: CC-charge/CC-discharge (left) and CCCV-
charge/CC-discharge (right).

In general, the shape of the voltage profile of a cell is dependent on the type of active
material and loss mechanisms (polarization, see sub-chapter 2.1.2) that cause a divergence

from an ideal voltage curve.
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2.4.2. Cyclic voltammetry

Cyclic voltammetry is a potentiodynamic technique for investigating electrochemical pro-
cesses.[23141 A three-electrode setup, consisting of a working electrode (WE), counter elec-
trode (CE), and reference electrode (RE) is typically used.[*4?) Metallic lithium is typically
used as a reference electrode for cyclic voltammetry measurements with LIBs. However, it
should be noted that lithium is better described as a quasi-reference electrode as its po-

tential can be influenced by the electrolyte (formation of passivation layers).[143]

For a cyclic voltammetry experiment the potential of the WE is linearly swept between an
initial value E1 and value E; in a triangular form for as many times as needed (Fig-
ure 10).[142144 The potential is measured against the reference electrode. When an elec-
trochemical reaction takes place, current flows between WE and CE, which is recorded as
a function of the potential. The resulting graph is called a cyclic voltammogram (Figure 10).
The velocity of the potential change —the scan rate (v = dE/dt) — must be specified for each

measurement.[141]
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Figure 10: Applied potential as a function of time (left) and schematic voltammogram of a simple reversible

process R = O + e with the start in anodic direction.
The schematic voltammogram in Figure 10 can be correlated to a simple reversible process

(R = O+ e, where O is the oxidized species and R the reduced species). As the potential is
scanned anodically (towards higher potentials), a non-faradaic current (double layer cur-
rent) can be detected. As soon as the oxidation potential is reached, R is oxidized at the
electrode/electrolyte interface.l?#1%%) With increasing potential, the current increases ex-
ponentially until an anodic current i and potential E; is reached. Subsequently, the current
begins to decrease due to the depletion of oxidizable species. During the backward scan

(= reduction) the cathodic current ic and potential Ec can be detected. The current at the
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beginning of the backward scan differs from zero since oxidation from R to O takes still

place.?4

In general, the shape of a voltammogram is highly dependent on the investigated system.
For cyclic voltammetry measurements of lithium-ion cells, the voltammogram can be af-
fected by various factors such as active material, particle size, electrolyte concentration,

scan-rate, electrode thickness and temperature.[14¢]

2.4.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a widespread non-destructive technique,
which allows for the detailed characterization of interface phenomena.#7:148] The basis of
potentiostatic electrochemical impedance spectroscopy (PEIS) is the perturbation of a sys-
tem with an alternating voltage and the analysis of the current response.[247148 The time-
dependent voltage V(t) and current signal i(t) can be mathematically represented as follows

(Eq. 25-26):21
V(t) = Vm sin(wt) (Eq. 25)
i(t) = im sin(wt - P) (Eq. 26)
Here, Vm and im represent the maximum values of the voltage and current, respectively.
The angular frequency w is defined by w = 2ntf, whereby f is the frequency in Hz. The signal

of the current response is matching the voltage signal in frequency but can be shifted in

phase (¢), which depends on the characteristics of the system (Figure 11).
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Figure 11: Illustration of a phase shift between alternating voltage signal and current response.
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Voltage and current can be expressed as complex functions (Eq. 27-28):121

V(t) = Vi elot (Eq. 27)
i(t) = im ellot-¢) (Eq. 28)
withj=+-1 = el

The impedance Z(w), which is the analogue to resistance of the direct current (DC) tech-

nique, can then expressed by Ohm's law as the following (Eq. 29):2Y

Z(w) = W02 Vm Ve

() igeletid

= |z|el® (Eq. 29)

By using Euler's formula e/ = cos(¢) + j sin(¢), equation (Eqg. 29) can be simplified and

divided into a real (Z°) and imaginary part (Z*):

Z(w) = |Z|(cos(d) +jsin(d)) =Z"+j 2" (Ea. 30)

with Z' = |Z| cos(), 2" = |Z] sin(), |Z| = VZ' 2+ 22

A typical impedance spectrum is recorded by systematically varying the frequency of the
applied alternating voltage perturbation (~1 mHz - 1 MHz).[**8] The spectrum can be rep-
resented in different ways.[*#”! The Nyquist plot shows the imaginary part (Z™*) on the y-axis
and the real part (Z') on the x-axis (Figure 12). Each data point belongs to a different fre-
qguency, whereby the frequency increases from right to left. The Bode plot represents the
magnitude of impedance IZI and phase angle ¢ on the y-axis and the frequency f on the

x-axis (Figure 12).
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Figure 12: Impedance spectrum represented in the Nyquist plot (left) and Bode plot (right).
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To gain information from the impedance spectrum, an equivalent circuit model must be
created which describes the examined system.[1#8] The equivalent circuit model is created
with fundamental components such as capacitors, resistors, inductors, constant phase el-
ements, and diffusion elements. For example, to simulate the impedance spectra of Fig-
ure 12, an equivalent circuit model consisting of a resistor R1 and a parallelly connected

resistor R, and capacitor C would be used (Figure 13).

R, R,
C

Figure 13: Equivalent circuit model used to simulate the impedance spectrum in Figure 12 (R1=1000 Q,
R2=10000 Q, C=0.0001 F).

In Table 2, the impedance of different fundamental elements that are typically used to cre-

ate an equivalent circuit model for a lithium-ion battery, are listed.[21,147.148]

Table 2: Fundamental elements, which are typically used to create an equivalent circuit model for a lithium-
ion battery.

element formula description
. ohmic resistance, e.g. current collector
resistor R Zr=R . 8
resistance
capacitor C Zc = (jwC)? capacitor, e.g. double layer capacitance
inductor L 7. =jwl inductor, e.g. cables
constant phase element Zcpe = Q(jw)” nonideal capacitor due to surface rough-
Qcre (oo =1 for ideal capacitor) ness, porosity etc.
Zw = ow? - jow ™2 description of diffusion of mobile charge

Warburg impedance W (o = Warburg coefficient) carriers

In general, to obtain meaningful impedance spectra, the following conditions must be ful-

filled:1149]

1. Causality
The response signal is free of artifacts and can be solely attributed to the perturbation of

the system.

2. Linearity
The applied voltage signal is linearly related to the responding current signal. Since an elec-
trochemical cell is a non-linear system the amplitude of the current signal must be small

enough to ensure pseudo-linear behavior.
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3. Stability

The system is stable and does not change with time. After perturbation, the system returns

to its original state.

4. Finiteness

The impedance values must be finite over the entire frequency range.
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3. Results and discussion

The following chapter summarizes the manuscripts. The experimental parts and the de-

tailed results along with extensive literature comparisons can be found in the manuscripts

in the appendix or online. The data were reprinted or adapted from the associated manu-

scripts.
Table 3 correlates the manuscripts with the sub-chapter text:

Table 3: Correlation between manuscript text and sub-chapter.

Manuscript

Sub-chapter

Manuscript I:

M. Hofmann, M. Kapuschinski, U. Guntow, G. A. Giffin,

Implications of Aqueous Processing for High Energy Density Cathode Materials: Part I.
Ni-Rich Layered Oxides.

J. Electrochem. Soc. 2020, 167, 140512.

https://doi.org/10.1149/1945-7111/abc033, CC BY 4.0

3.1(3.1.1)

Manuscript Il:

M. Hofmann, M. Kapuschinski, U. Guntow, G. A. Giffin,

Implications of Aqueous Processing for High Energy Density Cathode Materials: Part Il.
Water-Induced Surface Species on LiNio.8Coo.15Al0.050x.

J. Electrochem. Soc. 2020, 167, 140535.

https://doi.org/10.1149/1945-7111/abc6ca, CC BY 4.0

3.1(3.1.2)

Manuscript Ill:

M. Hofmann, F. Nagler, M. Kapuschinski, U. Guntow, G. A. Giffin,

Surface Modification of LiNio.gCoo.15Al0.0502 Particles via LisPOs Coating to Enable Aque-
ous Electrode Processing.

ChemSusChem 2020, 13, 5962 —5971.

https://doi.org/10.1002/cssc.202001907, CC BY 4.0

3.2

Manuscript IV:

M. Hofmann, F. Nagler, U. Guntow, G. Sextl, G. A. Giffin,

Long-Term Cycling Performance of Aqueous Processed Ni-rich LiNio.sCoo.15Al0.0s02 Cath-
odes.

J. Electrochem. Soc. 2021, 168, 060511.

https://doi.org/10.1149/1945-7111/ac054f, CC BY 4.0
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3.1. Implications of aqueous processing for high energy density cathode
materials

The implementation of a water-based cathode manufacturing process is beneficial in terms
of environmental benignity and costs of lithium-ion battery production (see section 2.3.1).
By successfully combining this process with the use of Ni-rich layered oxide cathode mate-
rials, cells with higher energy density could be produced (see section 2.2). However, due to
the high water sensitivity of this class of cathode materials, aqueous electrode processing
remains challenging (see section 2.3.2). To overcome this obstacle, it is essential to first

understand the origin of the water sensitivity in more detail.

3.1.1. Ni-rich layered oxide cathode materials

In recent years, a water-based electrode manufacturing process has already been investi-
gated for various layered oxide cathode materials (see section 2.3). However, the direct
comparison of these studies is difficult due to different treatment parameters. Therefore,
four commercially available layered oxide cathode materials with different elemental com-
positions have been chosen and evaluated in terms of their response to an aqueous pro-
cessing route to identify possible correlations between water sensitivity and cathode ma-
terial composition. All materials have been treated with exactly the same conditions to al-

low the direct comparison.

The cathode material compositions were as follows:

e LiNio.33C00.33Mno3302 (NCM111)
e LiNip6C00.2Mng202 (NCM622)
e LiNip.sC00.1Mno.102 (NCM811)

o LiNio.8C0oo.15Al0.0502 (NCA)

Metal leaching

Metal leaching of layered oxide cathode materials in aqueous medium is known to be one
of the major challenges of a water-based cathode manufacturing process (see section
2.3.2). To investigate water-induced metal leaching of NCM111, NCM622, NCM811 and

NCA, aqueous cathode material suspensions with different water exposure durations were
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prepared separately. After a filtration step, the metal-ion content in the filtrate was inves-
tigated by means of inductively coupled plasma optical emission spectrometry (ICP-OES).

Figure 14 depicts the mass concentration of lithium ions in the different filtrates.

1600 1
water exposure time 7

14004 [—_]2hours

[ 11 week

1200

lithium leaching / mg I

NCM111 NCM622 NCM811 NCA
active material

Figure 14: Mass concentration of lithium ions in the filtrate of aqueous cathode material suspensions after
different water exposure durations. The figure was reprinted from reference [150] (open access article
distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecom-
mons.org/licenses/by/4.0/)).

After two hours of water exposure the lithium content is lowest for NCM111 followed by
NCM622, NCM811 and NCA. While the lithium content after one week increases only
slightly for NCM111, it is remarkably higher for NCM622, NCM811 and NCA, respectively.

Overall, the lithium content is highest in the filtrates of the aqueous NCA suspensions.

The origin of the detected lithium ions after water exposure is still under investigation in
the literature and different mechanism are currently under discussion (see also sec-

tion 2.3.2):

1. Dissolution of residual lithium precursors (e.g. Li2CO3) stemming from the cathode

material production process.[*!!

2. Lithium leaching induced by a mechanism starting with the spontaneous reduction
of Ni3* to Ni?* and the subsequent formation of LiOH or Li.COs3 (detailed mechanism

see section 2.3.2).[60]

3. Lithium ions liberated by a Li*-/H*-exchange mechanism in aqueous medium form-
ing LiIOH (and Li,COs if CO; is present). This mechanism would simultaneously imply

the formation of e.g. NiOOH-like® compounds.[6>112-114]

*Assuming the occurrence of a Li*-/H*-exchange mechanism for the cathode material LiNiO2 (NCM and NCA
are derivatives of LiNiOz, see section 2.2.2), where Li* is replaced by H*, this would lead to the formation of
NiOOH according to the following reaction: H* + LiNiO2 — Li* + HNiO2 (= NiOOH).

32



Results and discussion

When comparing the NCM-type materials, it is striking that a higher lithium content in the
filtrate is associated with an increased nickel content in the cathode material structure
(NCM111 < NCM622 < NCM811). It is therefore suggested that a main part of the detected
lithium can be attributed to a nickel-driven lithium loss mechanism that likely follows at

least one of the two later mechanisms (2./3.).

Interestingly, NCA (LiNipsCo0.15Alo.0s02) has the same nickel content as NCM811
(LiNip.8C00.1Mn0.102), but a clearly higher lithium content is detected in its filtrate. Despite
the higher cobalt content in the NCA composition compared to that of NCM811, a cobalt
associated lithium leaching mechanism as a main driving force may be excluded since
NCM111 (LiNio.33C00.33Mno.3302) has the highest cobalt content in its structure but shows
the lowest lithium content in the associated filtrates. A significant composition difference
between NCA-type and NCM-type materials is the presence of aluminum and manganese,
respectively. It is noteworthy that for both types of materials no nickel or cobalt ions could
be detected in the filtrate of the aqueous suspensions. However, while no manganese ions
were present for the NCM-type materials, aluminum ions were detected in the filtrates of

the NCA suspensions (see manuscript |, Table 1).

For lithium aluminate (LiAlO2), which might be considered as a kind of substructure of NCA,
there exists various literature reporting about its moisture sensitivity. For example, Lin et

al. proposed a mechanism according to the following equations (Eq. 31-32):11>1]
LIAIO; + H20 — AIO(OH) + LiOH (Eq. 31)

2 AIO(OH) + (2+x) H20 + LiOH — LiAl;(OH)7 - x H20 (Eq. 32)

In the first step LiAIO; reacts with water forming AIO(OH) and lithium hydroxide. In a follow-
up reaction AIO(OH) is converted to LiAl(OH)7 - x H20. The latter compound belongs to the
class of layered double hydroxides (LDHs).[*>?l LDHs consist of positively charged metal hy-
droxide layers, where the positive charge is compensated by anions in the interlayers.[1>3
The majority of LDHs can be expressed by the formula [M?*1.,,M3*,(OH),]¥* A%y, - x H20,
where M%*/M3* are divalent/trivalent cations and A* are interlayer anions.[*>315] [j/Al-

LDHs represent a unique class of LDHs as they consist of monovalent and trivalent metal
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cations.>¥ They can be described by the formula [LiAl2(OH)s]* A%1/; - x H20.[*°% The posi-
tively charged layers of Li/Al-LDHs consist of gibbsite-like Al(OH)s layers, where the lithium
ions are located in unfilled octrahedral sites.[*531541%6] Consequently, the formula

LiAl2(OH)7 - x H20 is better described by [LiAl,(OH)s]* OH" - x H20.11%3

Another mechanism was proposed by Beckerman et al., where LiAlO; reacts with moisture

in the following manner (Eq. 33):2%7]

4 LiAlOz + 9 H20 + 2 CO2 — Li2Al4(CO3)(OH)12 - 3 H20 + Li2CO3 (Eqg. 33)

The formation of Li;Al4(CO3)(OH)12 - 3 H20, when LiAIO; is exposed to moisturized condi-

tions, has also been demonstrated by Gao et al..[*>8]

Assuming similar reactions to occur for NCA, this would provide an explanation for the de-
tection of aluminum ions, along with a comparatively higher amount of lithium ions in the

filtrate of the NCA-suspensions.

Overall, for all cathode materials, significant amounts of lithium ions (highest for NCA)
could be detected in the filtrate of aqueous cathode material suspensions. While no other
metal ions from the active material structure were detected in the filtrate of the NCM-type
materials, aluminum ions were present in the filtrates of NCA. The main part of the de-
tected lithium is assumed to have its origin in nickel-driven lithium leaching mechanisms.
This would mean that the detected lithium ions stem not only from the dissolution of lith-
ium precursors (see mechanism 1.) but also from electrochemically active lithium from the
active material structure itself (see mechanism 2. (with further details in section 2.3.2) and
mechanism 3.). For NCA, the even higher lithium content in the filtrate is assumed to be
induced by an additional aluminum-driven lithium leaching mechanism that is likely similar
to the reactions described above (see Eq. 31-32 and Eg. 33). As aluminum-doping is used
to stabilize the cathode material structure (see section 2.2.2), the loss of aluminum ions

might lead to an enhanced structural instability of water-exposed NCA.

pH evolution

Metal leaching is accompanied by the increase of the pH value in the alkaline region due to
the presence/formation of basic lithium species such as LiOH and Li,COs; (see section

above). If the pH value exceeds pH > 9, the corrosion of the current collector (consisting of
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aluminum) during the electrode manufacturing process can be expected (see section 2.3.2).
To investigate the alkalinity of the different aqueous cathode material suspensions, the pH

value was monitored over time (Figure 15).
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Figure 15: pH value of the different aqueous cathode material suspensions monitored over the water expo-
sure time. The figure was adapted from reference [150] (open access article distributed under the terms of
the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

Immediately after bringing the cathode materials in contact with water, the pH value of all
suspensions rises into the alkaline region. The pH value of the suspensions is lowest for
NCM111 followed by NCM622, NCM811 and NCA. After around 60 min, a specific threshold
value seems to be reached for each active material. This phenomenon might be interpreted
as the establishment of an equilibrium of a Li*-/H*-exchange reaction (mechanism 3.). After
one week of water exposure, a further, albeit minor, increase in the suspension pH value
can be observed for all cathode materials (highest for NCA). As expected, the pH measure-
ments therefore follow the trends of the metal leaching tests. As the pH value of all sus-
pensions is above 9 and therefore beyond the aluminum passivation region, at least partial
aluminum current collector corrosion is expected during aqueous electrode processing. Alt-
hough techniques to modify the pH value exist, none of these were used in the following
section, as they can impact the electrochemical tests (see section 2.3.3). Actually, in a work
of Bauer et al., the cells with aqueous processed electrodes made without a pH modifier

showed the best long-term performance.[10€!

Electrochemical performance

To evaluate the implications of aqueous electrode processing on the electrochemical per-
formance, water-based electrodes were prepared and tested in half cells (= lithium metal
as anode). This configuration allows the electrochemical reactions of the cathode to be

investigated in detail due to the known behavior of the lithium anode. Particular care was
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taken to ensure the same electrode processing time for all materials to avoid an additional
impact of the water exposure time, as was observed in the previous section. As a reference,
half cells with conventional NMP-based electrodes were built and tested in the same man-
ner. The results obtained during electrochemical cycling are depicted in Figure 16. In this
cycling test, the response of the cells to different current rates (C/10, C/4 and 1C) was eval-
uated. The data represent the average discharge capacity and the associated standard de-
viation of three cells. Prior to the cycling tests, the cells were conditioned with five
charge/discharge cycles at a low current (= formation). For the results of the formation
cycles and additional electrochemical characterization tests, reference is made to the man-

uscript text (see manuscript I).
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Figure 16: Specific discharge capacity obtained for cells containing NMP/PVDF- and H,O/CMC-based
electrodes (NCM111 (a), NCM622 (b), NCM811 (c) and NCA (d)) cycled at different C-rates. The data are the
average values of three cells and the error bars represent the standard deviation between these cells. The
figure was adapted from reference [150] (open access article distributed under the terms of the Creative
Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

Compared to the cells with reference NCM-electrodes (NMP/PVDF), the average discharge
capacity is lower for the cells with water-based NCM-electrodes during the whole cycling

procedure (Figure 16a, b, c). This strengthens the hypothesis that the loss of lithium during
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aqueous processing, at least partially, stems from the active materials structure (see sec-
tions above). When analyzing the response of these cells to the varying C-rates, differences
can be observed dependent on the NCM composition. While both cell variants with
NCM111 show a similar performance regardless of the applied current, the cells with wa-
ter-based electrodes and cathode materials with a higher fraction of nickel (NCM622 and
NCM811) show an increased capacity fading (especially at increasing C-rate) compared to
their reference cells. Water exposure seems therefore not only lead to a reduced capacity
but also to an enhanced degradation during electrochemical cycling that is more pro-
nounced for the more water-sensitive Ni-rich (NCM622, NCM811) cathode materials. In
contrast, it is striking that the cells with H,O/CMC-electrodes with NCA are completely elec-
trochemical inactive. To clarify the origin of the electrochemical inactivity in detail, further
studies are needed that will be conducted in sub-chapter 3.1.2. A correlation between this
observation and the results of the metal leaching tests (highest lithium leaching and detec-

tion aluminum ions in the filtrate of aqueous NCA suspensions) seems likely.

Based on the previous results it is clear that a water-based electrode manufacturing pro-
cess is proving to be increasingly challenging when using especially Ni-rich NCM (NCM622,
NCM811) cathode materials. For the Ni-rich NCA, the aluminum-doping seems to even ex-
acerbate the water sensitivity as the cells with water-based NCA-electrodes were com-
pletely electrochemical inactive. To sum up, NCA has been shown to be the most water-
sensitive cathode material at least from those tested. As such, the further focus was set on

elucidating the processes in more detail that take place when NCA is exposed to water.

37



Results and discussion

3.1.2. Water-induced surface species on LiNio.sC00.15Al0.0s02

To investigate the water-induced changes of NCA and their impact on the electrochemical
performance in more detail, further studies were conducted with pristine (NCA-p) and wa-
ter-exposed NCA. The water-exposed NCA samples are referred by the exposure time as
NCA-2h (two hours) and NCA-1w (one week). These were obtained after the filtration of
the aqueous NCA suspensions (see section 3.1.1) and a subsequent drying step (110 °Cin
air). Additional analyses were also conducted on the filtrate that is associated with NCA-2h

and is denoted in the text as filtrate-2h.

Analysis of NCA-p, NCA-2h and NCA-1w

The analysis of the crystal structure of NCA-p, NCA-2h and NCA-1w revealed that water
exposure does not affect the bulk structure (see manuscript Il). This suggests that water-
induced effects occur only on the surface of NCA. For the investigation of the NCA surface,
the pristine and the water-exposed NCA particles were first examined by scanning electron
microscopy (Figure 17). The magnified images show a smooth surface for NCA-p, while par-
ticulate species can be detected on the surface of NCA-2h and NCA-1w. Clearly, the amount

of surface species increases with water exposure time (most pronounced for NCA-1w).

Figure 17: Scanning electron microscopy (SEM) images of pristine NCA (a, d), NCA-2h (b, €) and NCA-1w (c, ).
The figure was reprinted from reference [159] (open access article distributed under the terms of the Creative
Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

Thermogravimetric analysis with coupled mass spectrometry (TG-MS) was performed with
NCA-p, NCA-2h and NCA-1w in argon to examine the nature of these surface species (Fig-
ure 18). The mass signals m/z =18, m/z = 32 and m/z = 44 were assigned to H,0, O, and

CO,, respectively.
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Figure 18: TG-MS analysis of NCA-p/NCA-2h/NCA-1w in argon in the temperature range 33°C — 1125°C. The
mass signals m/z = 18, m/z = 32 and m/z = 44 were assigned to H>0, O, and CO>, respectively. The intensity
of the CO2-signal was multiplied by a factor of 1.5. The figure was reprinted from reference [159] (open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://crea-
tivecommons.org/licenses/by/4.0/)).

All samples show a significant mass loss in the temperature range 525°C—1125°C that goes
along with the release of 0, and reflects the thermal decomposition of NCA.['18] |n the same
temperature range, an additional, very small, CO; signal can be detected for all samples.
Based on previous literature, this CO; signal was assigned to the decomposition of
Li»CO5.[118160] | jthjum carbonate is often used as a precursor for the synthesis of NCA and
might here represent a production residue as it can be already detected on the pristine
NCA.1'11 Alternatively, LioCO3 might have formed via the reaction of lithium from NCA with
H20/CO; out of the atmosphere before the material was received (e.g. due to improper
storage of NCA).[1%6] The intensity of the CO> signal is almost negligible for NCA-1w. This
result suggests that Li,COs dissolves, at least partially, from the particles surface during

water contact.

The most significant difference between the pristine and water-exposed NCA samples can
be seen in the temperature range 125°C —525°C. Here, a mass loss can be only detected
for the water-exposed NCAs (most pronounced for NCA-1w). This mass loss comes along
with the evolution of several mass signals (CO;, H,0 and O;). Based on an extensive litera-

ture research, these signals are assigned to adsorbed CO;, nickel carbonate- and
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NiOOH-like species. For the detailed assignments, reference is made to the corresponding

manuscript text (see manuscript I1).

Based on the TG-MS analysis, the water-induced surface species are mainly assigned to
nickel-containing species. However, the presence of newly formed Al- or Co-containing spe-
cies cannot be excluded by the TG-MS analysis, as the intensity of associated signals might
be simply too weak due the lower proportion of these elements in NCA. Actually, water-
induced formation of new cobalt and aluminum species was observed by the more surface
sensitive X-ray photoelectron spectroscopy analysis (XPS) that are assigned to the for-
mation of Co(OH), and Al(OH)s or AIOOH (see manuscript Il). The latter compound has been
proposed to be formed upon water contact in section 3.1.1. For the even more detailed

assignments, reference is made to the corresponding manuscript text (see manuscript Il).

Analysis of the Filtrate

As described in section 3.1.1, lithium and aluminum ions were detected in the filtrate of
aqueous NCA suspensions by means of ICP-OES analysis. For further analysis, the filtrate
that was obtained after a water exposure time of two hours (filtrate-2h) was dried at 110 °C
in air and examined by means of TG-MS analysis (Figure 19). The results were compared

with those of NCA-2h.
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Figure 19: TG-MS analysis of NCA-2h/filtrate-2h in the temperature range 33°C — 1125°C. The mass signals
m/z =18, m/z = 32 and m/z = 44 were assigned to H20, 02 and CO, respectively. The intensity of the CO2-
signal was multiplied by a factor of 1.5. The figure was reprinted from reference [159] (open access article
distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecom-
mons.org/licenses/by/4.0/)).
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It is striking that the decomposition temperatures (along with the mass signals) of NCA-2h
and filtrate-2h differ completely. Based on literature and additional analysis techniques
(SEM/EDS and XRD) it was demonstrated that the species in the filtrate are mainly lithium
hydroxide and lithium carbonate (see manuscript Il). However, it was suggested that also
minor proportions of aluminum compounds such as LiAl;(OH); - x H,O are present in the
filtrate. This component might be related to the formation of AIOOH on the NCA surface
(described above) and be formed in a follow up reaction via the mechanism described in
section 3.1.1 (Eq. 31-32). For the detailed analysis, reference is made to the manuscript

text (see manuscript Il).

Conclusions of Physical and Chemical Characterization Results

Based on the previous results, the processes that occur when NCA is exposed to water can

be summarized as the following:

1. Dissolution of surface impurities (e.g. Li,CO3) that are present on the pristine NCA.

2. Continuous leaching of lithium and aluminum ions from the NCA structure into wa-
ter (forming e.g. LioCOs3, LiOH and LiAl2(OH)7 - x H20).

3. Continuous formation of surface species (e.g. nickel carbonate and NiOOH-like spe-

cies).

An illustration of these processes is depicted in Figure 20.
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Figure 20: Illustration of the proposed processes that occur when NCA is exposed to water. The figure was
adapted from reference [159] (open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

In particular the involvement of aluminum in the leaching process is assumed to destabilize
the surface structure of NCA and exacerbate its water sensitivity compared to NCM-type

materials.
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Impact of Water-induced Surface Species on the Electrochemical Performance

To evaluate the impact of the water-induced surface species on the electrochemical per-
formance, half cells containing pristine NCA and water-exposed NCA were built. The con-
ventional NMP/PVDF-route was used to prepare electrodes as the manufacturing of water-
based electrodes with NCA has been demonstrated to directly end in electrochemically in-
active cells (see section 3.1.1). In addition to NCA-2h and NCA-1w, a further sample, de-
noted as NCA-8h (eight hours of water exposure), was prepared for the electrochemical

characterization tests. The results obtained during the formation of the cells are depicted

in Figure 21.
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Figure 21: Average discharge capacity over cycle number obtained during the formation protocol of cells
containing NMP-based electrodes with NCA-p, NCA-2h, NCA-8h and NCA-1w, respectively. The values repre-
sent the average discharge capacity of three cells of each variant and the associated standard deviation is
indicated by the error bars. The figure was reprinted from reference [159] (open access article distributed
under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/li-
censes/by/4.0/)).

During the whole formation process, the average discharge capacity is highest for the cells
with pristine NCA." For the cells containing water-exposed NCA the discharge capacity de-
creases with increasing water exposure duration (NCA-2h > NCA-8h > NCA-1w). This result
confirms the continuous water-induced modulation of the NCA surface that leads to a re-
duced storage capability of lithium ions. Over the five formation cycles, the average dis-
charge capacity increases for all cells. As the increase can also be observed for the cell var-
iant with pristine NCA, this might be at least partially attributed to the following point. Dur-

ing cycling (= lithium-ion deinsertion and insertion) it is known that NCA particles expand

*Note that all cells in this section contain NMP/PVDF-based electrodes. Cells with H2.0/CMC-based electrodes
and pristine NCA have been demonstrated to be electrochemically inactive (see section 3.1.1).
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and contract (see section 2.2.1). This mechanical stress might continuously enable the elec-
trolyte to wet previously not accessible active material in the electrode and consequently
increase the achievable capacity. In concrete numbers, the discharge capacity increase
from the 1%t to the 5™ formation cycle is 3.1 mAhg?, 3.0mAhg?, 4.0mAhg?! and
7.6 mAh g for the cells with NCA-p, NCA-2h, NCA-8h and NCA-1w, respectively. As such,
the increase seems to be more pronounced for prolonged water exposure durations. This
result together with the detection of NiOOH-like surface species by means of TG-MS anal-
ysis suggests a regeneration of the cathode material via a reversed Li*-/H*-exchange mech-
anism as it was first proposed by Shkrob et al..['*# For NCA, this mechanism might be writ-

ten as the following (Eq. 34):
Li1-xHxNio.8C00.15Al0.0502 + x Li* = LiNio.8C00.15Al0.0502 + x H* (Eq. 34)

However, such a mechanism would simultaneously lead to the liberation of protons that
might react with the lithium salt LiPF¢ and accelerate the cell degradation.[*®!) Despite this
regeneration process, in the last formation cycle the average discharge capacity is still
higher for the cells with NMP/PVDF-electrodes. This suggests that a full regeneration can-

not be reached and water exposure also results in irreversible structural changes.

The voltage profiles of the first and second cycle of a representative cell of each variant are
shown in Figure 22. For the cells with water-exposed NCA, a significant initial overvoltage
can be detected in the 1% charge cycle (magnified in the inset of Figure 22a) that is more
pronounced with increasing water exposure duration. A direct correlation to the amount
of newly formed water-induced surface species seems likely, where the surface species act
as a barrier layer and impede the extraction of lithium ions (illustrated in Figure 23). For
the cells containing NCA-1w, it stands out that the initial overvoltage is quite close to the
specified charge cut-off voltage limit of 4.3 V." In fact, a slightly higher initial overvoltage

that exceeds 4.3 V would render the cells practically electrochemical inactive.

A charge cut-off voltage limit of 4.3 V was chosen for the electrochemical tests to guarantee safe cycling of
the cells (see section 2.4.1).
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Figure 22: Voltage profile of the first (a) and second (b) formation cycle of a representative cell containing a
NMP-based electrode with NCA-p, NCA-2h, NCA-8h and NCA-1w, respectively. The figure was reprinted from
reference [159] (open access article distributed under the terms of the Creative Commons Attribution 4.0
License (CC BY, http://creativecommons.org/licenses/by/4.0/)).
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Figure 23: Illustration of the effect of the water-induced surface species on the initial overvoltage in the first
charge cycle.

These results therefore provide an explanation for the electrochemical inactivity of the cells
with water-based NCA electrodes as seen in section 3.1.1: For these cells, the formation of
an even higher amount of water-induced surface species and in turn a more pronounced
barrier layer is expected, which completely impedes the lithium-ion extraction in the tested

voltage range.”

Interestingly, in the second cycle (Figure 22b), the initial overvoltage is significantly re-
duced, suggesting that the surface layer is at least partially removed or modified. After the
formation protocol, the cells were cycled between 3.0 V—4.3 V starting with an initial cycle

at C/10 and followed by 49 cycles at 1C (Figure 24).

*Note that cells with water-based electrodes and pristine NCA were even electrochemically inactive in cyclic
voltammetry tests, where the voltage window was extended to 4.5V (see manuscript 1). This suggests that
the barrier layer is significantly more pronounced for these cells compared to the cells with the NMP-based
variant with NCA-1w. For aqueous processed NCA electrodes it is likely that water-induced leached species
can also deposit on the particle surface during electrode drying additionally to water-induced surface species.
This might further increase the initial overvoltage and has to be investigated in further studies that are be-
yond the scope of this work.
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Figure 24: Average discharge capacity over cycle number obtained during the cycling protocol of cells con-
taining NMP/PVDF-based electrodes with NCA-p, NCA-2h, NCA-8h and NCA-1w, respectively. The values rep-
resent the average discharge capacity of three cells of each variant and the associated standard deviation is
indicated by the error bars. The figure was adapted from reference [159] (open access article distributed
under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/li-
censes/by/4.0/)).

As during the formation, the discharge capacity remains the highest for the cells with pris-
tine NCA and lowest for these with NCA-1w. While the cycling of the cells with NCA-p is
relatively stable (94.5% capacity retention between the first and last 1C cycle), the cells
with water-exposed NCA degrade relatively fast (NCA-2h: 80.9%, NCA-8h: 80.8% and
NCA-1w: 76.6%). This is at least partially attributed to the decomposition of the LiPFs-con-
taining electrolyte by protons liberated by a reversed Li*-/H*-exchange mechanism as de-
scribed above. Moreover, in a report by Sicklinger et al., it has been demonstrated that
nickel carbonate species, as also detected here on the surface of water-exposed NCA par-
ticles, can react with ethylene carbonate from the electrolyte and accelerate the capacity

fade.[118]

The above results have shown that in the context of aqueous processing a clear differenti-
ation has to be made between surface species already present on the pristine NCA, wa-
ter-induced leached species and water-induced surface species. The water-induced surface
species form a resistive surface layer that is continuously growing with an increasing water
exposure time. The modulation of the NCA surface impacts not only the initial cycles, but
also accelerates the cell degradation during cycling. For the successful implementation of
a water-based electrode manufacturing process for this extremely water-sensitive material
(and probably for Ni-rich cathode materials in general), it is therefore essential to overcome
these obstacles. Here, the modification of the NCA surface by a protective coating to avoid
the direct contact with water might provide a sufficient solution. This approach will be in-

vestigated in sub-chapter 3.2.
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3.2. Surface modification of NCA particles via LizPO4 coating

When considering the results in sub-chapter 3.1, it is obvious that aqueous processing is
challenging for especially Ni-rich layered oxide cathode materials like NCA. An approach to
overcome the previous identified obstacles, might be the protection of the core material
by a surface coating. In the last years, various phosphate coatings have been successfully
applied on the surface of NCA particles and could remarkably improve the cell perfor-
mance.[162183] This effect was often attributed to the strong P-O-bonding energy of the
phosphate anion (PO43) protecting the NCA core from side reactions such as electrolyte
decomposition during electrochemical cycling.!'62164 However, all the phosphate coated
NCA particles were only used in the combination with a NMP-based electrode manufactur-
ing process. As such, the suitability of a phosphate coated NCA for aqueous electrode pro-

cessing has never been studied.

The ability of a phosphate coating to protect the NCA core against water attack during a
water-based electrode manufacturing process was thoroughly examined in this work. Lith-
ium phosphate was chosen as a coating material as it is relatively easy to synthesize and,
compared to other phosphate coatings such as AlIPO4, Ni3(PO4)3 and Co3(POa4),, a lithium-
ion conductor.['%31 The latter aspect is thought to be beneficial during electrochemical cy-

cling in terms of a simplified lithium insertion and deinsertion.

For the coating process, ethanol (dried over molecular sieves) was used as a solvent to
minimize any pre-damage to the NCA surface. The coating process is based on a LisPO4

precipitation reaction and is assumed to occur as the following (Eq. 35):
3 CH3COOLi + H3PO4 — LizPO4 | + 3 CH3COOH (Eq. 35)

Four different coating amounts were tested and the modified particles are denoted by in-
creasing coating amount as cO1-NCA (0.00625 mmol g™), c02-NCA (0.0125 mmol g™1),
c03-NCA (0.025 mmol g1) and c04-NCA (0.05 mmol g2), respectively.

The attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra of the pris-
tine and coated NCA particles are shown in Figure 25. With increasing coating amount two
additional peaks evolve at around 1027 cm™ and 1117 cm™ that were assigned to the asym-
metric P-O stretching vibrations of the POs>-ion.['%¢] As a free PO43 ion belongs to the Tq4

point group only one signal of the asymmetric P-0 stretching vibration would be expected
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in this wavenumber range. However, if the symmetry is lowered due to the interaction of
the phosphate ion with lithium or other metal cations from the NCA surface this can lead
to the observed peak splitting. For more details of the interpretation of the spectra, refer-

ence is made to the manuscript text (see manuscript Il1).
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Figure 25: ATR-FTIR spectra of pristine NCA (NCA-p) and c01-NCA, c02-NCA, c03-NCA and c04-NCA. The figure
was adapted from reference [167] (open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

The surface of the coated NCA particles was examined by SEM and EDS (Figure 26). As de-
scribed in section 3.1.2, the surface of the uncoated NCA particles is smooth. The associ-
ated EDS mapping indicates a homogeneous distribution of aluminum, nickel and cobalt in
the NCA particle. After the coating process the surface appears rather rough and the pres-

ence of the coating is additionally confirmed by the associated phosphorus EDS map.

= 1um inlens

= um inlens

Figure 26: SEM images and EDS mapping of pristine NCA (a, b, c) and c04-NCA (d, e, f). The figure was re-
printed from reference [167] (open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).
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As demonstrated in section 3.1.1, the pH value of an aqueous suspension with pristine NCA
rises quickly in the highly alkaline region. To see if the coating has any beneficial effect on
the pH value, analogous aqueous suspensions with coated NCA particles were prepared.
The pH value was monitored over a period of two hours and compared to that of the aque-

ous suspension with pristine NCA (Figure 27).

13.5
13.0-
o o o0 ° ° °

12.51 s s e e ®
(]
5 1204 |
® ? eeoo o L L4
>
T
o

® pristine NCA
10.51 ® c01-NCA @ c02-NCA
c03-NCA @ c04-NCA

10.0

30 60 9% 120
water exposure time / min

oA

Figure 27: pH values of aqueous suspensions with pristine NCA and c01-NCA, c02-NCA, c03-NCA and c04-NCA.
The figure was adapted from reference [167] (open access article distributed under the terms of the Creative
Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

As seen for the pristine NCA, the pH value rises quickly in the alkaline region for the sus-
pensions with coated NCA. While the pH is 12.69 for the suspension with uncoated NCA
after two hours of water exposure, it decreases with increasing coating amount to 12.55
(c01-NCA), 12.43 (c02-NCA), 12.36 (c03-NCA) and 11.97 (c04-NCA). At first glance, this de-
crease seems rather small, but when considering the logarithmic dependency of the pH
value, the OH-ion concentration could be reduced by a factor of more than 7 for the sus-
pension with c04-NCA. Nevertheless, as all pH values are far beyond the aluminum pas-
sivation regime (pH > 9), only reduced aluminum corrosion during the water-based elec-

trode manufacturing process is expected.

Photographs of aqueous processed electrodes with pristine NCA and coated NCA (c04-NCA)
along with SEM images of the electrode top view are displayed in Figure 28. As expected
from the pH measurements, both electrodes show holes and cracks that can be attributed
to aluminum corrosion and the associated evolution of hydrogen gas (see equations in sec-
tion 2.3.2). However, the number of holes and cracks is clearly reduced for the electrode

with coated NCA demonstrating that aluminum corrosion was at least partially suppressed.
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c04-NCA

Figure 28: Photographs and SEM images of the top view of calendered aqueous processed electrodes con-
taining pristine NCA (a, b) and c04-NCA (c, d). The figure was reprinted from reference [167] (open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://crea-
tivecommons.org/licenses/by/4.0/)).

The impact of the coating on the electrochemical performance was evaluated in half cells
containing water-based NCA electrodes. The same test protocol as in section 3.1.2 was ap-
plied to all cells. The average discharge capacity obtained during the last formation cycle is

depicted in Figure 29a.
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Figure 29: Average discharge capacity of the 5™ formation cycle of cells with pristine NCA, c01-NCA, c02-NCA,
c03-NCA and c04-NCA (a). The values represent the average discharge capacity of three cells of each variant
and the standard deviation is indicated by the error bars. Voltage profile of the 1 formation cycle of a rep-
resentative cell with c01-NCA, c02-NCA, c03-NCA and c04-NCA (b). The figure was adapted from reference
[167] (open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC
BY, http://creativecommons.org/licenses/by/4.0/)).

As shown in section 3.1.1, the cells containing water-based electrodes with uncoated NCA

were electrochemically inactive and delivered negligible discharge capacity. This was at-
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tributed to a too high initial overvoltage of these cells that exceeds the charge cut-off volt-
age and is correlated with an extreme amount of water-induced surface species (see sec-
tion 3.1.2)." In contrast, all cells with coated NCA are electrochemically active, thus demon-
strating the protective effect of the coating. While the obtained discharge capacity in the
last formation cycle is 178.3 mAh g for the cells with cO1-NCA (lowest coating amount), it
increases to 181.6 mAh g! for cells with NCA particles that were coated with a slightly
higher LisPOs amount (c02-NCA). A further increase of the coating amount, however, did

not lead to a further improvement in discharge capacity.

The impact of the coating amount can be also seen in the voltage profile of the first for-
mation cycle (Figure 29b). The initial overvoltage, which has been demonstrated to corre-
late with the amount of water-induced surface species (see section 3.1.2) is highest for the
cells with c01-NCA and lowest for the cells with c02-NCA. This implies that a lower propor-
tion of water-induced surface species is present on c02-NCA. However, for an increased
coating amount the initial overvoltage rises again slightly. This aspect can be explained by
the fact that lithium phosphate is a lithium-ion conductor, but a poor electron conductor.
Therefore, a too thick or overly-dense coating can inhibit sufficient electron transfer, which
might then lead to an increase of the overvoltage. This interpretation was also strength-

ened by cyclic voltammetry and impedance spectroscopy analysis (see manuscript Ill).

From the combination of these results, a picture of the effect of the coating starts to ap-

pear, as illustrated in Figure 30.
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Figure 30: lllustration of the impact of the amount of lithium phosphate coating on the aqueous electrode
manufacturing process and cell performance. The figure was reprinted from reference [167] (open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://crea-
tivecommons.org/licenses/by/4.0/)).

*For aqueous processed electrodes the additional deposition of water-induced leached species on the surface
of NCA particles during electrode drying is likely and might further increase the initial overvoltage. The impact
of water-induced leached species on the electrochemical performance has to be clarified in further studies.
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Uncoated particles are completely unprotected during aqueous electrode processing. As a
consequence, the NCA particles are massively damaged resulting in electrochemical inac-
tive cells. In contrast, NCA particles coated with a too high amount of lithium phosphate
are relatively well protected during aqueous processing. However, the electronic resistance
through the particles surface is remarkably increased for these particles. As a result, for a
LisPO4 coating, a compromise has to be made between protection during the water-based
electrode manufacturing process and a sufficient electronic conductivity through the par-

ticle surface during electrochemical cycling.

From the tested materials, this compromise seems to be the best reflected by c02-NCA. For
this reason, the cycling performance of cells with water-based electrodes with c02-NCA
was compared with that of cells with conventional NMP/PVDF-based electrodes containing

pristine NCA and c02-NCA, respectively (Figure 31).
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Figure 31: Average discharge capacity over cycle number of cells with H,0/CMC- (c02-NCA) and NMP/PVDF-
based electrodes (pristine NCA or c02-NCA). The values represent the average discharge capacity of three
cells of each variant and the standard deviation is indicated by the error bars. The figure was adapted from
reference [167] (open access article distributed under the terms of the Creative Commons Attribution 4.0
License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

The cells with NMP-based electrodes and pristine NCA deliver the highest discharge capac-
ity during the whole cycling procedure. For the cells with NMP/PVDF-electrodes in combi-
nation with c02-NCA the discharge capacity is slightly reduced. This result might be ex-
plained by the fact that the coating amount was optimized for an aqueous electrode pro-
cess rather than a NMP-based one, where no protection against water exposure is re-
quired. The capacity of the cells with water-based electrodes and c02-NCA is approximately
5—10 mAh g lower. As c02-NCA reflects a compromise coating amount (see Figure 30), a

reduction in capacity compared to the NMP-variants was already expected. Interestingly,
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in terms of cycle life, the cells with the aqueous processed electrodes can easily compete

with the cells containing the NMP-based electrodes.

Overall, the results shown above demonstrate that the coating amount is crucial to achieve
the best results in terms of aqueous processability and electrochemical cell performance.
Cells with water-based NCA electrodes and an optimized LizsPO4 coating can even compete

with those containing conventional NMP-based electrodes.
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3.3. Upscaling of modified NCA and evaluation of full cells

The results in sub-chapter 3.2 have demonstrated that the surface modification of NCA
particles with a lithium phosphate coating is a feasible strategy to achieve an enhanced
protection of NCA during a water based electrode manufacturing process. However, the
coating has only been performed with a lab scale process (illustrated in Figure 32a). Coating
of cathode particles via a spray drying process enables a continuous process in an industrial
scale. So far, this process has already been used in literature to produce e.g. Sr-doped
LaMnOs-coated  LiNip.8C00.1Mno.10,[1%8]  CuO-coated Li1.2Mno54C00.13Ni0.130211%%!  and
Li[Mn2-xyCoxLiy]Os-coated Li(Lio.033Mn1.967)04*%. In this sub-chapter, first the suitability of
a spray drying process (illustrated in Figure 32b) to coat NCA particles with lithium phos-

phate is investigated.

Upscaling of LizPOs-coated NCA
The optimized coating amount from sub-chapter 3.2 (0.0125 mmol g! — applied on
c02-NCA) was chosen for this test. In the following text, the particles coated via the spray

drying process are denoted as sd-NCA.
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Figure 32: Illustration of the different processes that have been investigated to coat NCA particles with lithium
phosphate (lab scale process from chapter 3.2 (a) and spray drying process (b)). The figure was adapted from
reference [171] (open access article distributed under the terms of the Creative Commons Attribution 4.0
License (CC BY, http://creativecommons.org/licenses/by/4.0/)).
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Figure 33 depicts SEM images of sd-NCA particles. By the selection of suitable process pa-
rameters, the raspberry-like secondary particles remain separated (Figure 33a) and no sig-
nificant accumulation of coating material can be detected on the NCA surface indicating a
rather homogenous coating (Figure 33b). TEM/EDS analysis was conducted on the cross-
section of sd-NCA particles to investigate the coating in detail (Figure 33c). As expected, at
position 2 (Pos. 2) the signals of the NCA bulk — Co, Ni and Al — can be recognized. In con-
trast, at the surface positions (Pos. 1 and Pos. 3) an additional phosphorus signal is detected
confirming the successful surface coating. It is obvious that the phosphorus signal intensity
at Pos. 3 is weaker compared to Pos. 1. Therefore, it can be concluded that the coating
thickness varies slightly. Magnified pictures, which can be found in the supporting infor-
mation of manuscript IV, demonstrate that the coating thickness is very thin being less than
10 nm at Pos. 1 (high intensity of the P-signal in the EDS spectrum). Moreover, the presence
of some sulfur is also evident. Sulfur has been already found on the surface of pristine NCA

(see manuscript Il) and might stem from the NCA synthesis process where sulfate salts are

often used as precursors.
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Figure 33: SEM images of sd-NCA in different magnifications (a, b). TEM/EDS analysis of the cross-section of
sd-NCA (c). The figure was reprinted from reference [171] (open access article distributed under the terms of
the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).
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To investigate the electrochemical performance of sd-NCA particles and simultaneously the
coatings ability to protect the NCA core against water attack, half cells with aqueous pro-
cessed cathodes, analogous to those presented in chapter 3.2, were built. For comparison,
the results of the cells with aqueous processed electrodes containing c02-NCA (prepared

via the lab scale process) were reprinted from sub-chapter 3.2 (Figure 34).
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Figure 34: Voltage profile of the 1% formation cycle of a representative cell with c02-NCA and sd-NCA (a).
Average discharge capacity over cycle number obtained during the cycling protocol of cells containing aque-
ous processed electrodes with c02-NCA and sd-NCA, respectively (b). The values in (b) represent the average
discharge capacity of three cells of each variant and the associated standard deviation is indicated by the
error bars. The data from the cells with c02-NCA were included as reference from sub-chapter 3.2. The figure
was adapted from reference [171] (open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/)).

In comparison to the c02-NCA cell variant, the initial overvoltage in the first formation cycle
that correlates with the amount of water-induced surface species (see sub-chapter 3.1.2)
is slightly lower for the cells with sd-NCA (Figure 34a)." This observation might be explained
by the fact that for the spray drying route no additional solvent evaporation step is neces-
sary (see Figure 32). Here, the time in which the cathode materials are in contact with air
and might react with moisture is reduced. Moreover, the spray drying process as an auto-
matic process enables a more defined precipitation of the coating on the particles surface
as is achievable with the manual dropping funnel technique (lab scale process). The full

formation data is available in the manuscript text (see manuscript IV).

The cycling data of these cells is shown in Figure 34b. The average discharge capacity of the
cells with sd-NCA and c02-NCA is 183.2 mAh g!/164.8 mAh g! and 183.0 mAh g/
164.8 mAh gt in the first C/10 and 1C cycle, respectively. As such, the performance at the

*For aqueous processed electrodes the additional deposition of water-induced leached species on the surface
of NCA particles during electrode drying is likely and might further increase the initial overvoltage.
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beginning of the cycling is almost identical. Moreover, the cells deliver essential the same
capacity retention after 50 cycles (cells with sd-NCA: 95.3 + 0.4%; cells with c02-NCA: 94.8%
+1.1%).

In sum, these results demonstrate, that using a spray drying process to coat NCA with lith-
ium phosphate is a feasible and simple way to enable upscaling. Moreover, the behavior of
this particles regarding the response to an aqueous electrode process is very comparable

to that of particles coated with the lab-scale process.

To quantify the ability of the coating of the sd-NCA particles to protect the NCA core against
water attack, the same water exposure experiment (two hours of water exposure) as pre-
sented in sub-chapter 3.1.2 was conducted. The obtained particles (denoted as sd-NCA-2h)
were analyzed by means of TG-MS (Figure 35). For comparison, the TG-MS results obtained
for pristine NCA particles that were exposed to water for the same period of time (NCA-2h,

sub-chapter 3.1.2) were included as reference.
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Figure 35: Thermogravimetric analysis coupled with mass spectrometry in the temperature range 33 °C —
1125 °C for sd-NCA-2h and NCA-2h (data reprinted from sub-chapter 3.1.2). The mass signals m/z = 18,
m/z = 32 and m/z = 44 signals were assigned to H20, Oz and CO», respectively. The intensity of the CO; signal
was multiplied by a factor of 1.5. The figure was reprinted from reference [171] (open access article
distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecom-
mons.org/licenses/by/4.0/)).

As shown in sub-chapter 3.1.2, newly formed water-induced surface species decompose in
the temperature range 125 —525 °C. Here, the mass loss for sd-NCA-2h is 0.6% and is clearly
lower compared to the reference material NCA-2h (1.1%). As expected, the intensity of the

mass signals of H,0, O, and CO; is therefore lower for the sd-NCA-2h sample than for the
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NCA-2h sample. As such, an almost two-fold reduction in amount of water-induced surface
species was achieved by using sd-NCA compared to using pristine NCA. It is clear from the
experiments that the use of sd-NCA does not completely prevent the formation of water-
induced surface species. This aspect is likely related to the fact that the coating amount
represents a compromise between protection against water and sufficient electronic con-
ductivity through the particles surface as discussed in sub-chapter 3.2. Therefore, future
studies, need to focus on the development and application of new coating materials that
provide an even higher protection against water while still maintaining a good electro-

chemical performance.

Evaluation of the long-term performance of full cells

To this point, the electrochemical tests have been performed in a half cell configuration
with a lithium metal anode.” To exclude that the massive lithium reservoir in a half cell
configuration compensates lithium deficits (that arise during aqueous processing) and arti-
ficially prolongs the cycle life, cells in a full cell configuration with a graphite anode and
aqueous processed sd-NCA cathode were built and evaluated. Figure 36 depicts the aver-

age discharge capacity that was obtained during 1C cycling for 1000 cycles.
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Figure 36: Long-term cycling performance of full cells containing a graphite anode and an aqueous processed
sd-NCA cathode at 25 °C. The values represent the average discharge capacity of three cells and the associ-
ated standard deviation is indicated by the error bars. The figure was adapted from reference [171] (open
access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://cre-
ativecommons.org/licenses/by/4.0/)).

In the C/10 cycle the cells deliver an average discharge capacity of 181.0 mAh g™. This value

is quite close to the average value obtained in half cells at the same C-rate (183.2 mAh g,

*This configuration allows the electrochemical reactions of the cathode to be investigated in detail due to the
known behavior of the lithium anode.
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see Figure 34b) and indicates that no lithium reservoir is necessary to achieve such high
capacity values. Moreover, the cells can be cycled for over 730 cycles at 1C before the gen-
erally-accepted end-of-life (EoL) criteria of 80% initial capacity is reached. For comparison,
Table 4 shows the long-term cycling data that has been published in the literature for full
cells with a graphite anode and an aqueous-processed cathode containing a layered oxide
cathode material.

Table 4: Comparison of the long-term cycling performance reported for full cells with graphite anode and
aqueous processed cathode containing layered oxide cathode materials. The table was adapted from refer-

ence [171] (open access article distributed under the terms of the Creative Commons Attribution 4.0 License
(CC BY, http://creativecommons.org/licenses/by/4.0/)).

active capacity retention discharge voltage range,
. . cycles ref.
material (capacity last cycle) C-Rate temperature
~ 84% (104.0 mAh g1 1000 2.75V-4.2V
NCM111 1C ’ (121]
~70% (85.4 mAh g1 2000 20°C
NCM111 95.7% (~ 123 mAh g1*) 311 1C ;"Ooo\é_ 4.2V, (207)
NCM111 ~ 88%* (~ 88 mAh g'*) 900 3C zéoo\é— 42V, (106]
3.0V-4.2V,
NCM111 ~90%* (~ 118 mAh g'*) 500 1C 20 °C ’ (119]
2.75V-4.1V
NCM111 ~99% (~ 17 Ah*) 500 1C 25 °C ’ (172]
NCM523 ~81% (~ 115 mAh g?) 500 1C 3.0V~ .4'2 V. [273]
not available
NCM523 79.5% (not available) 886 c/3 g.oso\é—4.2 v [90]
~76%* (~ 100 mAh g'*) 1000* 28V-4.2V, w74
NCM523 ~70%* (~ 92 mAh g'1*) 1425* 1c not available
25V-4.2V,
NCM811 ~70% (~ 131 mAh g*) 1000 c/3 30 °C ’ (108]
3.0V-4.2V,
NCA ~80% (~ 135 mAh g!)* ~ 600" c/3 30 °C ’ (175]
88.0% (143.2 mAh g) 500 .
27V-4.2V, th
NCA 80.0% (130.2 mAh g!) 737 1C SeoC ’ wcl>srk
71.7% (116.7 mAh g!) 1000

*The value was calculated or determined from graphical data presented in the associated literature. This
might lead to some variation from the actual value. "The long-term cycling performance was predicted by
Hawley et al.'”! after measuring the cell performance for approx. 350 cycles at C/3.

From this table it is obvious, that the results of the full cells with sd-NCA can compete with
those reported in literature so far. In particular, the high specific average discharge capacity
even after 1000 cycles at 1C (116.7 mAh g) is noteworthy. Full cells with aqueous pro-
cessed NCM811 cathodes deliver a slightly higher specific discharge capacity after the same
number of cycles (approx. 131 mAh g). However, these results were obtained at a lower

C-rate (C/3). Hawley et al. recently predicted that the EoL criterion of full cells containing
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water based cathodes with PAA-modified NCA is reached after approximately 600 cycles at
C/3.17%1 This is clearly earlier than for the full cells with sd-NCA. Some of the full cells with
NCM111 or NCM523 demonstrate a comparable or better capacity retention, but deliver a
lower capacity. Additionally, these electrodes were processed with cathode materials with
a rather low fraction of nickel. These materials have been shown to be less sensitive to

water as NCA (see sub-chapter 3.1).

The results demonstrate that through surface protection, aqueous processing of even very
water-sensitive cathode materials such as NCA can be enabled. As suggested above, a fur-
ther focus on the development and application of coating materials seems to be the key to
enable a sustainable widespread electrode production for nickel-rich layered oxide cathode

materials in the future.
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4. Summary and outlook

4.1. Summary and outlook (ENG)

Summary

The implementation of a water-based cathode manufacturing process is attractive, given
the prospect of improved sustainability of future lithium-ion batteries. However, the sen-

sitivity of many cathode materials to water poses a huge challenge.

Within the scope of this work, a correlation between the water sensitivity of cathode ma-
terials from the class of layered oxides and their elemental composition was identified. In
particular for the cathode material LiNip.8Coo.15Al0.0502 (NCA), the processes taking place in
aqueous medium were clarified in detail. Based on this knowledge, the surface of NCA
particles could be specifically modified, which led to a reduced water sensitivity. As a result,
the electrochemical performance of cells with water-based NCA cathodes was significantly

improved and a remarkable long-term cycling performance was achieved.

The present work contributes to a deeper understanding of the water sensitivity of cathode
materials and at the same time presents a promising approach to overcome this obstacle.
Consequently, this work advances the successful widespread realization of water-based

cathode manufacturing.
The major findings of this work are summarized below:

Correlation between water sensitivity and elemental composition

Within the scope of this work, different cathode materials from the class of layered oxides
(LiNip.33C00.33Mnp3302  (NCM111), LiNig.6C00.2Mnp202 (NCM622),  LiNip.sC00.1Mno.102
(NCM811) and LiNio.gCoo.15Al0.0502 (NCA)) were compared in terms of their response to an
aqueous electrode manufacturing process. It was demonstrated that the water sensitivity
correlates directly with the elemental composition of the cathode material: Cathode ma-
terials with an increased amount of nickel are particularly sensitive to water. This is re-
flected in a significant leaching of lithium ions (detected via ICP-OES). In detail, the concen-
tration of lithium ions increased in the order NCM111 < NCM622 < NCM811 < NCA and is
correlated with the increase in the pH value into the alkaline region. The latter aspect can

lead to the corrosion of the current collector during the electrode manufacturing process.
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While only lithium ions were detected for NCM-type cathode materials when exposed to
water, aluminum leaching was additionally observed for the cathode material NCA. In ad-
dition to nickel-driven lithium loss mechanisms, aluminum-related lithium loss mechanisms
in an aqueous medium were proposed for NCA. These provide an explanation for the com-
paratively high lithium leaching from NCA.

The implications of water exposure on the cathode materials were also directly reflected
in the electrochemical performance. Compared to cells with reference electrodes (manu-
factured by using the conventional N-methyl-2-pyrrolidone(NMP)-based process), the cells
containing agueous-processed electrodes with NCM-type cathode materials deliver a lower
capacity. This was attributed to the loss of lithium and the degradation of the active mate-
rials in aqgueous medium. The cycling performance of cells with water-based electrodes and
the low-nickel NCM111 was found to be relatively comparable to NMP-variant cells. In con-
trast, the cells with water-based electrodes and the nickel-rich NCM cathode materials
NCM622 and NCM811 degraded significantly faster than their reference cells. The situation
was even exacerbated for cells with water-based NCA electrodes. These cells delivered only
negligible capacity in the specified voltage range. Overall, NCA was identified as the most
water-sensitive material from those tested, which is why further investigations focused on

this cathode material.

Detailed clarification of the processes taking place when NCA is exposed to water

The processes that occur when NCA is exposed to water were clarified in detail using vari-

ous analytical techniques (XRD, TG-MS, XPS, SEM/EDS). These can be summarized as the

following:

1. Dissolution of surface impurities (e.g. Li,CO3) that are already present on the pristine
NCA particles.

2. Continuous leaching of lithium and aluminum ions from the NCA active material struc-
ture and subsequent formation of species such as LiCOs3, LiOH and LiAl;(OH)7 - x H20.

3. Continuous formation of surface species (e.g. nickel carbonate- and NiOOH-like spe-
cies).

To investigate the impact of the water-induced surface species (see process 3.) on the elec-

trochemical performance, cells with NMP-based electrodes containing pristine or water-

exposed NCA particles were manufactured and evaluated with various electrochemical

techniques (galvanostatic measurements, cyclic voltammetry, impedance spectroscopy). It
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was demonstrated that the water-induced surface species form a barrier layer that im-
pedes the extraction of lithium ions from the active material structure when these cells are
charged. This is reflected in a pronounced initial overvoltage in the first charge cycle. When
the overvoltage is higher, more surface species have formed during the water exposure.
Therefore, it can be concluded that if a critical amount of surface species is formed, the
initial overvoltage cannot be overcome and the cells are electrochemically inactive. This
phenomenon has been observed for cells with NCA electrodes manufactured via the water-
based process. In addition to the initial overvoltage, a reduced initial discharge capacity
was detected with increasing water exposure time due to the water-induced degradation
of the active material particles. In the subsequent cycles, the capacity recovers at least par-
tially via a reversed H*-/Li*-exchange mechanism. However, the complete regeneration
cannot be achieved due to irreversible structure damage of NCA. Furthermore, side reac-
tions involving the water-induced surface species lead to an accelerated cell degradation.
To enable the successful agueous processing of NCA, it is therefore essential to modify the

surface of NCA with a protective coating.

Surface modification of NCA particles to prevent the direct contact with water

The newly-gained knowledge and previously established characterization techniques ena-
bled the modification of the surface of NCA particles with a lithium phosphate coating in
such a way that both the pH value in aqueous medium and the formation of water-induced
surface species were reduced. In a comprehensive analysis it was demonstrated that the
coating amount is the decisive factor and that a compromise has to be made in the case of
a lithium phosphate coating. The particles should be as well-protected as possible during
the aqueous electrode production, but sufficient electronic conductivity through the parti-
cle surface must also be guaranteed during cell operation. By optimizing the amount of
lithium phosphate coating, cells with water-based NCA electrodes were able to be fabri-
cated, which behaved electrochemically active and delivered a similar performance to that
of cells with conventional NMP-based NCA electrodes. By transferring the laboratory-scale
coating process to a continuous spray-drying process, a process suitable for industrial-scale
production was successfully developed. In a final long-term cycling test, cells with graphite
anodes and aqueous-processed NCA cathodes with an optimized amount of lithium phos-
phate coating showed an excellent electrochemical performance (80% capacity retention

after 737 cycles at a C rate of 1C).
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Outlook

The present work provides the basis for the further development of the water-based cath-
ode manufacturing process. Here, one focus should be on the research of new coating ma-
terials, which provide an even more enhanced protection against water contact and at the

same time have a positive effect on the performance of the battery.

With the increasing need to develop sustainable recycling processes for lithium-ion batter-
ies, the water-based electrode manufacturing and the water sensitivity of cathode materi-
als in general will move even more into the focus of future research. Many of the recycling
processes that are currently being developed rely on water-based processes.'7®177] There-
fore, it can be assumed that the recycling of aqueous processed electrodes becomes easier
as the electrode material can be more quickly removed from the current collector due to
the water-soluble binder ("design for recycling"). However, it can also be expected that
water-sensitive cathode materials will be damaged by the contact with water during the
recycling process. As a consequence, the resource-saving “direct recycling” process, where
the recycled cathode material could be directly used in new batteries (after a regeneration
step), would not be possible.['78179] |nstead, a costly chemical digestion and completely
new synthesis of the cathode material would become necessary. It is therefore conceivable
that the use of modified cathode materials could not only enable the implementation of an
aqueous cathode manufacturing process, but also the direct use of the cathode material
after a water-based recycling process. As such, a highly resource- and energy-efficient cir-

cular economy would be feasible (Figure 37):
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Figure 37: lllustration of a resource- and energy-efficient circular economy that could be enabled by the im-
plementation of a modified cathode material.
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4.2. Zusammenfassung und Ausblick (DE)
Zusammenfassung

Die Nachhaltigkeit zukinftiger Lithium-lonen-Batterien kann durch die Implementierung
eines wasserbasierten Herstellungsverfahrens fiir Kathoden verbessert werden. Die Was-
serempfindlichkeit vieler Kathodenmaterialien stellt hierbei jedoch eine groRe Herausfor-

derung dar.

Im Rahmen dieser Arbeit wurde ein Zusammenhang zwischen der Wasserempfindlichkeit
von Kathodenmaterialien der Klasse der Schichtoxide und deren Elementzusammenset-
zung hergestellt. Insbesondere fir das extrem wasserempfindliche Kathodenmaterial
LiNip.8C00.15Al0.0s02 (NCA) wurden die im wassrigen Medium ablaufenden Prozesse detail-
liert aufgeklart. Auf Basis dieser Erkenntnisse konnte die Oberflache von NCA-Partikeln ge-
zielt modifiziert und damit die Wasserempfindlichkeit reduziert werden. Infolgedessen
konnte die elektrochemische Performance von Zellen mit wasserbasierten NCA-Kathoden

signifikant verbessert und eine bemerkenswerte Langzeitperformance erzielt werden.

Die vorliegende Arbeit tragt somit zu einem tieferen Verstandnis der Wasserempfindlich-
keit von Kathodenmaterialien bei und liefert zugleich einen vielversprechenden Ansatz, um
diese zu minimieren. So wird die erfolgreiche Realisierung der wassrigen Kathodenherstel-

lung vorangetrieben.

Die wichtigsten Erkenntnisse dieser Arbeit werden im Folgenden noch einmal kurz zusam-

mengefasst:

Zusammenhang zwischen Wasserempfindlichkeit und Elementzusammensetzung

Im Rahmen der Arbeit wurden verschiedene Kathodenmaterialien aus der Klasse der
Schichtoxide (LiNio.33C00.33Mno 3302 (NCM111), LiNip.6C00.2Mno.202 (NCM622),
LiNio.eC00.1Mno.102 (NCM811) und LiNio.8C0o.15Al0.0s02 (NCA)) hinsichtlich ihrer Eignung fiir
einen wasserbasierten Kathodenherstellungsprozess untersucht. Hierbei wurde gezeigt,
dass ein direkter Zusammenhang zwischen Wasserempfindlichkeit und Elementzusam-
mensetzung des Kathodenmaterials besteht: Kathodenmaterialien mit hohem Nickelanteil
sind besonders empfindlich gegenliber Wasserkontakt. Dies spiegelte sich insbesondere in
einer signifikanten Menge an ausgelaugten Lithium-lonen (detektiert (iber ICP-OES) wider.

Im Detail nahm die Lithium-lonen-Konzentration in  der  Reihenfolge
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NCM111 < NCM622 < NCM811 < NCA zu und korrelierte mit einem Anstieg des pH-Werts
in den basischen Bereich. Letzterer Aspekt kann wahrend des Elektroden-Herstellungspro-
zesses zur Korrosion des Stromableiters fuhren.

Wahrend fiir NCM-Kathodenmaterialien bei Wasserkontakt nur Lithium-lonen detektiert
wurden, konnte fiir das Kathodenmaterial NCA zusatzlich Aluminiumauslaugung festge-
stellt werden. Neben Nickel-involvierten Lithiumverlust-Mechanismen wurden fiir NCA zu-
satzliche Aluminium-abhangige Lithiumverlust-Mechanismen im wassrigen Medium vorge-
schlagen. Diese liefern eine Erklarung fiir die vergleichsweise hohe Lithiumauslaugung von
NCA.

Die Auswirkungen von Wasserkontakt auf die Kathodenmaterialien spiegelten sich auch
direkt in der elektrochemischen Performance wider. Im Vergleich zu Zellen mit Referen-
zelektroden (hergestellt Giber die konventionelle N-Methyl-2-pyrrolidon (NMP)-Route) wie-
sen die Zellen mit wassrig prozessierten Elektroden und NCM-Kathodenmaterialien eine
geringere Kapazitat auf. Dies wurde insbesondere auf den Lithiumverlust und die Degrada-
tion des Aktivmaterials in wassrigem Medium zurlickgefihrt. Die Zyklenleistung von Zellen
mit wasserbasierten Elektroden und NCM111-Kathodenmaterial zeigte sich noch relativ
vergleichbar mit der von Zellen und entsprechenden NMP-basierten NCM111-Elektroden.
Im Gegensatz dazu degradierten die Zellen mit wasserbasiert hergestellten Elektroden und
den nickelreichen NCM-Kathodenmaterialien NCM622 und NCM811 deutlich schneller als
ihre Referenzzellen. Eine auffallend drastische Auswirkung des Wasserkontakts zeigte sich
bei Zellen mit wassrig prozessierten NCA-Elektroden. Diese waren im vorgegebenen Span-
nungsbereich vollstandig elektrochemisch inaktiv. Insgesamt stellte NCA somit das wasser-
empfindlichste Material dar, weshalb weitere Untersuchungen dieses Kathodenmaterial

als Schwerpunkt hatten.

Detaillierte Aufklarung der Prozesse, die bei Kontakt von Wasser mit NCA auftreten

Die Vorgange, die bei Kontakt von NCA mit Wasser auftreten, wurden mit verschiedenen
Analysemethoden (XRD, TG-MS, XPS, REM/EDX) weiter aufgeklart und lassen sich wie folgt
zusammenfassen:

1. Losen von Oberflaichenverunreinigungen (z. B. Li2CO3), die sich bereits auf dem NCA-

Ausgangsmaterial befinden.

65



Zusammenfassung und Ausblick

2. Kontinuierliche Auslaugung von Lithium- und Aluminium-lonen aus der NCA-Aktivma-
terialstruktur und nachfolgende Bildung von Spezies wie z.B. Li;COs, LiOH und
LiAl,(OH)7 - x H20.

3. Kontinuierliche Bildung von insbesondere nickelhaltigen Oberflachenspezies (u. a. Ni-
ckelcarbonat- und NiOOH-dhnliche Spezies).

Um den Einfluss der wasserinduzierten Oberflachenspezies (vgl. Prozess 3.) auf die elektro-

chemische Performance zu untersuchen, wurden Zellen mit NMP-basierten Elektroden, die

unbehandelte bzw. wasserausgesetzte NCA-Partikel enthielten, hergestellt und mithilfe
verschiedener Methoden (galvanostatisches Laden/Entladen, Cyclovoltammetrie, Impe-
danzspektroskopie) charakterisiert. Dabei stellte sich heraus, dass die wasserinduzierten

Oberflachenspezies eine Barriere bilden, die die Extraktion der Lithium-lonen aus der Ak-

tivmaterialstruktur beim Laden der Zelle erschwert. Dies spiegelt sich in einer ausgepragten

anfinglichen Uberspannung im ersten Ladezyklus wider. Die Uberspannung ist umso hé-
her, je mehr Oberflachenspezies sich wahrend der Wasserexposition gebildet haben. Dar-
aus konnte abgeleitet werden, dass, sobald eine kritische Menge an Oberflachenspezies
vorliegt, die resultierende hohe Uberspannung nicht mehr iiberwunden werden kann und
sich entsprechende Zellen elektrochemisch inaktiv verhalten. Dieser Fall wurde bei Zellen
mit NCA-Elektroden, die Uber ein wasserbasiertes Verfahren hergestellt wurden, beobach-
tet. Neben der anfinglichen Uberspannung wurde mit zunehmender Wasserexpositions-
dauer — aufgrund der wasserinduzierten Degradation der Aktivmaterialpartikel — eine ver-
ringerte Entladekapazitat festgestellt. Die Kapazitat kann allerdings zumindest teilweise in
den ersten Lade-/Entladezyklen iber einen H*-/Li*-Austausch zurlickgewonnen werden.

Eine vollstandige Regeneration erfolgt jedoch aufgrund irreversibler struktureller Schaden

von NCA nicht. AuRerdem fiihren Nebenreaktionen, an denen die wasserinduzierten Ober-

flachenspezies beteiligt sind, zu einer beschleunigten Zelldegradation. Fiir die erfolgreiche
wassrige Verarbeitung von NCA ist deshalb die Oberflachenmodifikation mit einer Schutz-
schicht essentiell.

Oberflaichenmodifikation von NCA-Partikeln zum Schutz vor direktem Wasserkontakt

Durch die neu gewonnenen Erkenntnisse und zuvor etablierten Charakterisierungsmetho-
den war es moglich, die Oberflache von NCA-Partikeln mit einer Lithiumphosphat-Beschich-
tung so zu modifizieren, dass sowohl der pH-Wert in wassrigem Medium als auch die Bil-

dung der wasserinduzierten Oberflachenspezies verringert wurde. In einer umfassenden
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Analyse zeigte sich, dass die Beschichtungsmenge entscheidend ist und im Falle einer Lithi-
umphosphat-Beschichtung ein Kompromiss eingegangen werden muss: Einerseits sollen
die Partikel wahrend der wassrigen Elektrodenherstellung moglichst gut geschiitzt sein, an-
dererseits muss wahrend des Zellbetriebs auch eine ausreichende elektronische Leitfahig-
keit durch die Partikeloberflache gewahrleistet sein. Durch die Optimierung der Lithium-
phosphat-Beschichtungsmenge konnten Zellen mit wasserbasierten NCA-Elektroden her-
gestellt werden, die sich elektrochemisch aktiv verhielten und eine dhnliche Performance
wie Zellen mit konventionellen NMP-basierten NCA-Elektroden aufwiesen. Durch die Uber-
tragung des Labormalstab-Beschichtungsprozesses auf einen kontinuierlichen Sprihtrock-
nungs-Prozess, konnte zudem ein Prozess, der fir die industrielle Produktion geeignet ist,
entwickelt werden. In einem abschlieBenden Langzeittest zeigten Zellen mit Graphit-Ano-
den und wassrig hergestellte NCA-Kathoden mit optimierter Lithiumphosphat-Beschich-
tungsmenge eine exzellente elektrochemische Performance (80 % Kapazitdtserhalt nach

737 Zyklen bei einer C-Rate von 1C).

Ausblick

Die vorliegende Arbeit liefert die Grundlage fiir die Weiterentwicklung des wasserbasierten
Herstellungsprozesses fiir Kathoden. Ein Fokus sollte hierbei auf der Erforschung neuer Be-
schichtungsmaterialien liegen, welche die Aktivmaterialpartikel noch besser vor Wasser-
kontakt schitzen und gleichzeitig die Performance der Batterie positiv beeinflussen.

Auch mit der zunehmenden Entwicklung des nachhaltigen Recyclings von Lithium-lonen-
Batterien wird in Zukunft die wassrige Elektrodenherstellung und die Wasserempfindlich-
keit von Kathodenmaterialien per se noch weiter in den Fokus der Forschung riicken. Viele
der in der Entwicklung befindlichen Recycling-Verfahren setzen auf wasserbasierte Pro-
zesse.l1761771 Einerseits kann davon ausgegangen werden, dass das Recyceln von wissrig
hergestellten Elektroden erleichtert ist, da sich das Elektrodenmaterial aufgrund des was-
serloslichen Bindemittels leichter vom Stromableiter |6sen lasst (,Design for Recycling”).
Anderseits muss damit gerechnet werden, dass die Kathodenmaterialien wahrend des Re-
cycling-Prozesses durch den Wasserkontakt geschadigt werden. Dies kann dazu fiihren,
dass das besonders ressourcenschonende ,Direct Recycling” Verfahren, welches auf den
direkten Einsatz des recycelten Kathodenmaterials in neuen Batterien abzielt (nach einem

Regenerationsschritt), nicht moglich ist.[173179 Stattdessen wire dann eine aufwendige
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Aufbereitung und Neusynthese des Kathodenmaterials erforderlich. Es ware deshalb denk-
bar, dass die Verwendung neuer, modifizierter Kathodenmaterialien nicht nur die Imple-
mentierung einer wassrigen Kathodenherstellung erlaubt, sondern auch den direkten Ein-
satz des Kathodenmaterials nach einem wasserbasierten Recycling-Prozess ermaoglicht. So
ware eine besonders ressourcen- und energieeffiziente Kreislaufwirtschaft (,,Circular Eco-

nomy“) realisierbar.
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Implications of Aqueous Processing for High Energy Density
Cathode Materials: Part I. Ni-Rich Layered Oxides

Michael Hofmann, Martina Kapuschinski, Uwe Guntow, and Guinevere A. Giffin”

Fraunhofer R&D Center Electromobility, Fraunhofer Institute for Silicate Research ISC, 97082 Wuerzburg, Germany

Combining the use of nickel-rich layered oxide cathode materials with the implementation of aqueous electrode processing can pave
the way to cost-reduced and environmentally friendly electrodes and simultaneously increase the energy density of cells. Herein,
LiNig 33C0033Mn 330, (NCM111), LiNig6Co>Mng,0, (NCM622), LiNipsCop1Mng 0, (NCM811) and LiNigCog15Al00502
(NCA) were evaluated in terms of their response to aqueous processing under the same conditions to facilitate a direct comparison.
The results illustrate that mainly nickel driven processes lead to lithium leaching which is combined with the increase of the pH value
in the alkaline region. For NCA an additional aluminum-involving lithium leaching mechanism is assumed, which could explain the
highest amount of leached lithium and the additional detection of aluminum. Electrochemical tests show a reduced capacity for cells
containing water-based electrodes compared to reference cells for the NCM-type materials which increases during the first cycles
indicating a reversible Li*/H"-exchange mechanism. In contrast, the NCA cells were completely electrochemically inactive making
NCA the most water sensitive material tested in this report. By comparing the cycling performance of cells containing aqueous
processed electrodes, a more pronounced capacity fade for nickel-rich cathode materials as compared to their reference cells can be
observed.

© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
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The further development of electric and hybrid-electric vehicles
(EVs, HEVs) is a decisive step towards sustainable mobility in an
effort to drastically reduce emissions of greenhouse gases and other
pollutants. For electromobility, lithium-ion batteries (LIBs) are
considered to be, as of yet, the most promisin!g battery technology,
as they have a relatively high energy density.” However, improve-
ments still need to be made in terms of safety, costs and environmen-
tally friendly manufacturing of LIBs to meet consumer and industrial
demands. One way to address both the cost and environmental impact
of LIB production is to implement aqueous processing of high energy
density cathode materials during electrode fabrication. This would
facilitate the substitution of conventional, poorly recyclable, fluori-
nated binders like polyvinylidene fluoride (PVDF) and the volatile and
carcinogenic organic solvent N-methyl-2-pyrrolidone (NMP) with a
suitable water-soluble binder and water as a solvent to lower the costs
and implement greener manufacturing.” One viable aqueous binder is
the sodium salt of carboxymethylcellulose (CMC) which exhibits an
excellent electrochemical stability and is already used in the produc-
tion of state-of-the-art graphite anodes.”” Water-based electrode
manufacturing for the cathode materials remains troublesome, as the
dispersing of the active material in water has specific drawbacks, like
lithium leaching from the cathode structure, surface degradation,
deposition of surface impurities and an increase in pH of the electrode
slurry, which can lead to the corrosion of the aluminum current
collector.*™'?

Layered oxide cathode materials like Li(Ni,Co,Mn)O, (NCM) and
Li(Ni,Co,Al)O, (NCA) are currently considered to be the material of
choice for EVs and HEVs."? Materials with a high nickel and low
cobalt content have the advantage of relatively low manufacturing
costs accompanied with a high theoretical capacity and operation
voltage.'*™'3 Aqueous processing has been investigated for a variety of
different layered oxides such as NCM111,3‘5’7'9"”"6’27 NCM424,%8
NCM523,297%%  NCM622,7*"  NCMS811,'>*%7%  Li-/Mn-rich
NCM*>™ and NCA.®7-33449 However, it is often difficult to
compare the materials in terms of their processibility in an aqueous
environment due to different treatment parameters. Therefore, in this
study, different commercially available layered oxides are evaluated in
terms of their use in aqueous electrode processing. These materials

“E-mail: guinevere.giffin@isc.fraunhofer.de

were compared in terms of water-induced metal leaching and time
dependent pH evolution. Furthermore, the electrochemical perfor-
mance of CMC-based electrodes with conventional NMP/PVDF-
based was compared.

Experimental

Cathode materials.—Commercial LiNi0_33C00_33MHO>3302
(NCM111, BASF), LiNij ¢Coy ,Mng ,0, (NCM622, MSE-Supplies),
LiNij §Cop,;Mng ;0, (NCM811, MSE-Supplies) and LiNip3Cop 15
Aly 950, (NCA, NAT-1050, TODA) were stored under inert atmo-
sphere in a glovebox and used without any further modification.

Active material/water-suspensions.—The different active mate-
rials were added to deionized water (25 °C + 2 °C; mass ratio active
material:water = 0.33:1 = 15 g:45 g) and stirred continuously in a
polypropylene bottle for two hours. The suspensions were subse-
quently filtered for the filtrate analysis. An additional sample of each
active material was prepared according to the above-mentioned
conditions but was additionally stored for a further week in water
after the mixing procedure.

Electrode processing.—For the preparation of CMC-based
electrodes, sodium carboxymethyl cellulose (Sigma-Aldrich,
average Mw ~250,000, degree of substitution 0.9) was first
dissolved in deionized water. The required amount of active material
and conductive carbon (Imerys, Super C65) was added and the slurry
was homogenized in a speedmixer (Hauschild GmbH & Co KG).
The ratio of active material, conductive carbon and binder was
adjusted to be 90:7:3. The slurries were casted on aluminum by the
doctor-blade technique. The coated electrodes were immediately
pre-dried at 80 °C for 30 min. Particular care was taken to ensure
that the process time was the same for all materials. The pre-dried
electrodes were calandered to 50% of initial electrode thickness to
increase electrode density for cell assembly. Disc electrodes (16 mm
in diameter) were immediately punched out of the electrode sheets
and further dried under vacuum at 110 °C for 10 h. The mass loading
of the electrodes was 12 = 2 mg cm 2.

For the sake of comparison, PVDF-based electrodes were
prepared with the same active material/conductive carbon/binder
ratio. PVDF (Solvay, Solef® 5130) was first dissolved in N-methyl-
2-pyrrolidone (Sigma-Aldrich) overnight. The required amount of
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active material and conductive carbon (Imerys, Super C65) was
added and the slurry was homogenized in a speedmixer (Hauschild
GmbH & Co KG). The slurries were casted on aluminum by the
doctor-blade technique. The coated electrodes were stored in a fume
hood overnight and then pre-dried under vacuum at 80 °C for 2 h.
The dried electrodes were calandered to 50% of initial electrode
thickness. Disc electrodes (16 mm in diameter) were punched out of
the electrode sheets and further dried under vacuum at 80 °C for 5 h.

Cell assembly and electrochemical measurements.—Cathode
half-cells were prepared in a pouch bag configuration with metallic
lithium (Sigma-Aldrich) on copper foil as counter electrode.
Aluminum tabs (Targray) were used to connect the cathode
electrodes, while copper-nickel tabs (Targray) were used for the
lithium electrode. A single layer polyethylene membrane (Celgard,
2500) was utilized as the separator. For all cells, 1 mol 17! LiPFs in
EC:DMC 1:1 wt/wt (BASF, LP30) was used as the electrolyte. All
pouch cells were assembled in an argon-filled glove box (MBraun).
Three cells were built for each combination and the error bars in the
figures represent the standard deviation.

The cells were cycled in a climate chamber (Memmert) at 25 °C
with a battery cycler (Maccor, Series 4000). All cells were cycled with
a lower cutoff of 3.0 V and an upper cutoff of 4.3 V. The charge was
done in constant current-constant voltage (CCCV) mode with a
current limitation in the CV-step of C/20, while the discharge was
done in constant current (CC) mode. Prior to cycling, the cell
formation was done with 5 cycles at C/10 relating to a current of
155 mA g ' (NCMI111), 17.8 mA g~ ' (NCM622), 20.0 mA g '
(NCM811) and 20.0 mA g’l (NCA) in the voltage range between
3.0 V—4.3 V. The charge and the discharge were done in constant
current (CC) mode. The capacity obtained from the last formation
cycle was used to calculate the current for the C-rates of the cycling
experiment. Cyclic voltammetry tests were carried out at a scanning
rate of 0.05 mV s~ between 2.7 V and 4.5 V in a climate chamber
(Memmert) at 25 °C on a VMP300 galvanostat/potentiostat (BioLogic)
starting at the open circuit voltage. The cell setup was the same as
described above except that a lithium reference electrode was included
in the pouch cell. Electrochemical impedance spectroscopy (EIS)
analysis was carried out on the same workstation by applying an
AC voltage amplitude of 5 mV over the frequency range from 1 MHz
to 10 mHz.

Characterization methods.—ICP-OES analysis of the filtrate
was conducted by using a Vista-Pro (Varian) spectrometer. The
detection limits for lithium, manganese, aluminum, cobalt and nickel
were 0.006 mg 17', 0.001 mg 17, 0.004 mg 17", 0.002 mg 1" and
0.002 mg 1™, respectively. pH measurements were carried out with
a pH meter (WTW, pH 315i) using an electrode designed for the

high alkaline range (WTW, SenTix®H) at a temperature of 25 + 2 °
C. The pH evolution was monitored during the entire stirring period.
A further pH value was measured after the suspension had been
stored for one additional week.

Results and Discussion

The metal ion concentrations in the filtrate of the aqueous
cathode material suspensions after different water exposure dura-
tions were determined by means of ICP-OES. The comparison of the
lithium leaching from the active materials after a water exposure
time of two hours shows that the lithium content increases in the
order NCM111 < NCM622 < NCM811 < NCA (Fig. 1a). NCA
thus has, comparatively, the largest lithium loss. After one week the
lithium content in the filtrate increases for all cathode materials.
While the lithium content increase for NCM111 is only 25.6 mg 1~ ",
it is significantly higher for NCM622 (148.5 mg 1~ "), NCM811
(356.4 mg 1"") and NCA (566.9 mg 1™ ).

The exact origin of the detected lithium is somewhat uncertain and
might be a combination of different effects. Some of the literature
reports about residual lithium compounds, such as lithium hydroxide
or lithium carbonate, on the cathode surface stemming from unreacted
precursors of the production process, while others suggest the
formation of lithium surface species through the reaction of active
oxygen species on the oxide surface with water and CO, molecules
combined with the reduction of Ni** to Ni**.*** Another explana-
tion is a Li*/H"-exchange mechanism in the aqueous medium and
concomitant formation of lithium hydroxide or lithium carbonate if
CO, is accessible.”® The latter mechanism should simultaneously lead
to the partial formation of sgecies such as NiOOH or CoOOH as
recently reported for LiNiO,,™ LiNij gsCoy1Mnges' ' and LiCo0,.>
By directly comparing NCM111, NCM622 and NCMS811 with the
same processing conditions, a clear trend for a higher leached lithium
content with increased nickel content can be observed. These results
are consistent with those of Wood et al. who investigated the time-
dependent leaching behavior of different NCM-type cathode materials
in aqueous media with different initial pH values, supporting the thesis
of at least gartial occurrence of one or both of the latter two
mechanisms.” However, despite the same nickel content for NCM811
(LiNi0.8C0041MH0'|O2) and NCA (LiNi048C00.]5A10.0502), NCA shows
increased lithium leaching. Although NCA has a higher cobalt content
than NCMS811, cobalt-induced lithium leaching as a main driving
force may be excluded since NCM111 (LiNij 33C0033Mng330,) has
the highest cobalt content but shows the lowest lithium leaching. The
most significant difference of NCM- and NCA-type materials is the
presence of manganese or aluminum, respectively. Neither nickel nor
cobalt ions could be detected in any of the filtrates (Table I). Although
manganese ions could not be detected in the filtrate of the NCM-type
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Figure 1. ICP-OES analysis of the lithium content in water after different water exposure times of the cathode materials (a) and time dependent pH evolution of

the aqueous cathode material suspensions (b).
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Table I. Metal ion concentration detected in the filtrate of active material/water suspensions after 2 h and 1 week water exposure.

Active material water exposure Li/mg 1~ Ni/mg 1! Co/mg 17" Mn/mg 17! Al/mg 17!
NCM111 2h 2282 <0.002 <0.002 <0.001 N/A
Iw 253.8 <0.002 <0.002 <0.001 N/A
NCM622 2h 230.5 <0.002 <0.002 <0.001 N/A
1w 379.0 <0.002 <0.002 <0.001 N/A
NCMS811 2h 825.4 <0.002 <0.002 <0.001 N/A
Iw 1181.8 <0.002 <0.002 <0.001 N/A
NCA 2h 1027.3 <0.002 <0.002 N/A 192.3
1w 1594.2 <0.002 <0.002 N/A 523

materials, aluminum was detected in the filtrate of the NCA suspen-
sions. Recently, Hawley et al. also detected a significant amount of
aluminum ions in the filtrate of NCA/water susgensions, while the
amount of cobalt and nickel ions was small.”> However, these
observations were not discussed in detail. LiAlO,, which may be
considered as a type of substructure of NCA, can easily react with
moistusge. Beckerman et al. proposed a mechanism according to
Eq. 1.

4 LiAlO; + 9 H,O + 2 CO, — LisAly(CO3)(OH);, - 3H,0
+ Li,CO;5
[1]

The formation of Li,Al4(CO3)(OH),, - 3H,O was also confirmed
by Gao et al., who investigated, among others, the stability of a- and
4-LiAlO, with water.”” Lin et al. proposed a reaction, where in the
first step, the surface of LiAlO, reacts with water according to Eq. 2
forming AIO(OH), which can react in a second step to LiAl,(OH); -
xH,0 (Eq. 3).%®

LiAlO, + H,O — AIO(OH) + LiOH 2]

AlO(OH) + (2 + x)H,0 + LiOH — LiAl,(OH); - xH,O  [3]

Assuming that similar processes can occur for NCA upon water
contact (in addition to nickel-driven lithium leaching reactions), this
might explain the comparatively higher lithium leaching, as well as
the detection of aluminum in the filtrate. Moreover, Al-O/Li—Al-O
species were already found on the surface of NCA particles by
Lebens-Higgins et al. albeit a different experimental context.” They
investigated the surface of NCA using hard X-ray photoelectron
spectroscopy methods and reported that this kind of species can be
found on NCA from cells held at a potential of 3.6 V. When holding
the potential at 4.5 V or higher they found that the amounts of Al-O/
Li—-Al-O species increased. However, it remains unclear why a
higher content of aluminum can be detected in the filtrate after two
hours water exposure than after one week. One possible explanation
might be that with increasing time more insoluble aluminum species
are formed on the NCA surface rather than dissolving into the
filtrate. Further studies are necessary for clarification of this point.
Overall, if the lithium that was detected in the filtrate comes not only
from unreacted starting materials, but also from the active material
itself, this should be reflected in reduced capacity in electrochemical
tests. Moreover, since aluminum-doping is used to stabilize the NCA
structure,®” the loss of aluminum might lead at least partially to
surface structure instability.

The evolution of the pH value over time in the aqueous cathode
material suspensions was investigated (Fig. 1b). As soon as the
active materials are in contact with water, a sharp increase in the pH
into the alkaline range can be observed. The highest pH value is
observed in the NCA and NCMS8I11 suspensions, followed by
NCM622 and NCM111. After about 60 min of water exposure, the
pH values approach a limit that seems to be specific for each cathode
material. A further, albeit minor, increase in the pH can be observed
for all materials (highest for NCA) after one week of water contact.

The hypothesis that a pH threshold value is reached would be
consistent with the establishment of an equilibrium between Li™ and
H" ions on the cathode material surface. In Table II, the pH value
after different immersion times (5 min, 30 min, 1 h, 2h and 1 week)
is displayed along with values reported in the literature. It should be
taken into account that a direct comparison is difficult, since
different treatment conditions can have a major impact on the
results.”” However, the trend shows a rising pH value with
increasing nickel content which is consistent with the results of
the lithium leaching presented above. A distinct difference of the pH
values for NCA and NCMS811 cannot be established from the
overview, but this might be explained by the different treatment
conditions.

To investigate the impact of the water exposure on the electro-
chemical performance, all of the active materials were handled with
an aqueous electrode process and tested in half cells in a pouch bag
configuration. Since the previous results presented here demonstrate
that variation of water exposure time leads to significantly different
results, particular care was taken to ensure that the process time was
the same for all materials. Since Bauer et al. have shown that the
active materials are most stable at their native pH, no acids were
added to the slurry to adjust the pH value.’ Therefore, some extent of
aluminum corrosion is likely and should be noted. Nonetheless, cells
with electrodes made without any pH modifier, from the work from
Bauer et al. actually showed the most stable long-term performance.’
For the sake of comparison, PVDF-based electrodes were prepared
and investigated. Prior to a cycling test, a formation protocol
consisting of five charge-/discharge-cycles with a comparable
specific current (rate of C/10) for each active material was applied.
The discharge capacity and coulombic efficiency can be found in
Fig. 2. The initial average discharge capacity of the cells containing
the NMP-based electrodes is 157.8 mAh g~ ', 176.8 mAh g’l, 191.6
mAh g ' and 194.4 mAh g~ ' for NCM111, NCM622, NCM811 and
NCA, respectively. These results are quite close to the expected
values of ~155 mAh g~' (NCM111), ~178 mAh g~ ' (NCM622),
~200 mAh g~' (NCMS811) and ~200 mAh g~ ' (NCA) from
literature, confirming a good quality of the active materials and
electrodes.®' ™ For the cells containing the aqueous processed
NCMI111-, NCM622- and NCMS81 1-electrodes, the initial average
discharge capacity is sli;htly reduced to 152.9 mAh g~ ', 168.8 mAh
¢ ' and 188.8 mAh g~ ', respectively. The reduced capacity at low
current density indicates that the amount of lithium leached during
water exposure originates, at least partially, from electrochemically
active lithium from the active material structure. The observation of
a lower initial discharge capacity of cells with H,O/CMC-electrodes
as compared to cells with NMP/PVDF-electrodes is in accordance
with the previous literature. For NCM111, Memm et al. reported a
specific discharge capacity of 152 mAh g~' and 140 mAh g~ for
the PVDF- and CMC-based electrodes at 0.2 C, respectively.'’
Similar results for NCM111 can be found at Zhong et al.,20 Soeda
et al.,23 Doberd6 et al.®> and Xu et al.”* For NCM622%7 and
NCMS811?° analogous results can be found. In contrast cells built
with a CMC-based NCA-electrode show a negligible discharge
capacity. This is kind of surprising since NCM811 and NCA have
the same nickel content and leads to the conclusion that although the
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Table II. pH values obtained for active material/water suspensions obtained after 5 min, 30 min, 1 h, 2 h and 1 week water exposure as well as
several pH values reported in the literature.

Active material pH after 5 min pH after 30 min pH after 1 h pH after 2 h pH after 1 week Literature

NCM111 11.4 115 11.6 1.7 11.9 11272
117,
11‘5,10 * )

11579

122779

1050

NCM622 12.1 12.4 12,5 125 12.7 121,29
12,0, 2

127279

NCMS11 12.7 12.8 12.8 12.8 12.9 124,501
12979

NCA 12.8 12.7 12.7 12.7 13.0 1230
13.1,0

12,6079

12577

125779

*The value was determined from graphical data presented in the associated literature. This might lead to some variation from the actual value. a) suspension,
0.1:1 (active material:water ratio by weight), 60 min (time of recording). b) slurry, 5:1, N/A. c¢) suspension, 0.4:1, 100 min. d) slurry, N/A, 10 min.
e) suspension, 2.33:1, 1 week. ) suspension, 0.02:1, N/A. g) suspension, 0.025:1, 60 min. h) suspension, 0.1:1, 25 min. i) suspension, N/A, N/A. j)
suspension, 0.4:1, 40 min. k) suspension, N/A, 75 min.
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Figure 2. Discharge capacity and coulombic efficiency over cycle number obtained during the formation protocol applied to cells containing CMC- and PVDF-
based electrodes (NCM111 (a), NCM622 (b), NCM811 (c), NCA (d)). The data represent the average specific discharge capacity and average coulombic
efficiency of three cells and the error bars relate to the standard deviation between these cells. Due to the electrochemical inactivity of CMC-based NCA-
electrodes no coulombic efficiency is shown for this variant.

nickel content is an important, it is not the only decisive reason for Therefore, it is assumed that there is a direct correlation between the
high-water sensitivity of NCA as already seen in the leaching tests electrochemical inactivity of NCA and the increased lithium
above. Since the pH values of NCM811 and NCA are quite similar, leaching combined with the detection of aluminum that was shown

aluminum corrosion can also be excluded as the deciding factor. in the previous section. This may lead to a pronounced change of the
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Figure 3. Voltage profiles of a representative cell of each cell combination obtained during the formation protocol (NCM111 (a), NCM622 (b), NCM811 (c),
NCA (d) with inset of a magnified area of the voltage profile of a representative cell containing an aqueous-processed NCA electrode).

NCA surface structure through the formation of a layer which blocks
the extraction of lithium ions. Moreover, these findings are sup-
ported by the results of Faenza et al., who observed electrochemical
inactive cells when using ambient aged NCA as an active material **
It should be noted that, there is also literature showing electro-
chemically active cells with aqueous processed NCA electrodes even
though the performance is for the most part for pristine NCA
relatively poor.***~** Differences in the electrode manufacturing
conditions (mixing process, binder-type, ratio of compounds, mixing
time etc.) may be responsible for the varying results.

Over the five formation cycles, it is striking that the specific
capacity slowly increases for all cells. As this effect can also be seen
for the NMP-based variants, it can be at least partially explained as the
volume expansion/contraction of the active materials during charge
and discharge enables the electrolyte to reach active material that was
previously not accessible. The increase in the discharge capacity for
the NMP- vs. the H,O-based cells from the 1st to the 5th formation
cycles containing the NCM materials is 0.3 mAh g~ '/0.6 mAh g~ ',
0.1 mAh g '/22 mAh g~' and 5.6 mAh g '/6.7 mAh g~ for
NCMI111, NCM622 and NCM811, respectively. As such, the increase
is higher for cells containing the water-based electrodes. This clearly
supports a regeneration of the active material over cycling likely via a
reverse Li"-/H"-exchange mechanism as proposed by Shkrob et al.”
Nonetheless, the discharge capacity of the cells containing the water-
based electrodes is still lower than their NMP-counterparts in the last
formation cycle. Irreversible structural damage such as a reduction of
Ni** to Ni*" occurring during aqueous processing is also likely and
would explain the lower capacity as the anode in the half cells
provides a large lithium reservoir that would be more than sufficient to
fully relithiate the active materials. When comparing the increase in

capacity over cycling for the cells with water-based electrodes it is
highest for NCMS811 followed by NCM622 and NCMI111 and
therefore follows the nickel content. However, at this point it is
unclear why the increase in capacity during formation for the cells
with NMP-processed NCMS811 electrodes is relatively high as
compared to the NMP-based cells of NCM111 and NCM622. One
possibility would be the fact that also during the NMP-based electrode
manufacturing process and electrode pre-drying, the active material is
in contact with ambient air for some time, which may have led to
similar processes as in water. In this case, a regeneration process of the
active material would be also observed for the NMP-processed
material, similar to the observations by Jung et al. for one year aged
NCMS811.° The coulombic efficiency of the initial cycle for the NMP-
vs HyO-based cells is 90.26%/88.14%, 88.97%/86.47% and 85.40%/
85.35% for NCM111, NCM622 and NCM811, respectively. The
reduced efficiency also provides evidence for increased side reactions
within the aqueous-processed cells. Assuming mechanisms upon
water contact according to Liu et al. (spontaneous reduction of
nickel)®" or Shkrob et al. (Li*/H"-exchange),” both can lead to the
formation of lithium carbonate. The latter one is known to be at least
partially involved in gassing reactions in the first charge cycle and can
therefore decrease the coulombic efficiency.'"*"" After the first
cycle, the coulombic efficiency of both cell variants is quite similar.
Unfortunately, these comparisons cannot be made for NCA, due to the
electrochemically inactivity of the cells with water-based NCA-
electrodes.

The voltage profiles of a representative cell of each variant are
shown in Fig. 3. In accordance with the results shown above, the
cells with CMC-based NCA electrodes show extreme polarization
for all cycles. Comparing the voltage profiles of the NCM-based
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Figure 4. Cyclic voltammetry of a cell of each combination obtained in the first scan (NCM111 (a), NCM622 (b), NCM811 (c), NCA (d)).

cells, the polarization in the first charge cycle is always higher for
the cells with aqueous-processed electrodes as compared to their
NMP counterparts. While only a slight initial overvoltage can be
seen for the aqueous-based NCMI111 cells, this can be clearly
recognized in the voltage profiles of NCM622 and NCM811-based
cells. Many authors have observed an initial overvoltage for cells
with layered active materials which is mostly attributed to the
formation of a barrier layer formed by water contact, CO, or a
combination of both which impedes the extraction of the lithium
ions.>%*%% Therefore, the results for NCA may be explained by a
thick surface layer that almost completely hinders lithium ion
deinsertion and thus leads to the extreme cell polarization. In the
following cycles, the polarization of the H,O- and NMP-based cells
for each material, except for NCA, is similar, although still
marginally higher for the aqueous system.

Cyclic voltammetry was performed for each cell combination
(Fig. 4). The experiments consisted of a voltage sweep from open
circuit voltage to 4.5 V and a backward sweep to 2.5 V. In agreement
with the initial overvoltages from the voltage profiles in Fig. 3, the first
peak maximum of the current signal in the forward scan is shifted to
slightly higher voltages for the NCM-type cells with water-based
electrodes as compared to those with the NMP-based electrodes. In the
reverse scan, this difference in overpotential is clearly reduced. In the
case of NCMS8I11, the overpotential differences seen in the first peak of
the forward scan were already essentially eliminated by the second peak
of the forward scan (4.2 V, attributed to the phase transition of a
hexagonal phase (H2) to another hexagonal phase (H3)).”"" It should
be noted that for materials with lower nickel content such as NCM111
and NCM622, the only transition detected is that associated with the
change from a monoclinic phase (M) to a hexagonal phase (H1).”

There is no peak maximum present for the water-based NCA cell
leading to the conclusion that even an overvoltage of more than 500
mV as compared to the reference system is not enough to overcome a
possible barrier layer.

Impedance spectra were recorded after the formation protocol
and the results are shown in form of a Nyquist and Bode plot in
Figs. 5 and S1 (available online at stacks.iop.org/JES/167/140512/
mmedia), respectively. All Nyquist plots show a high-frequency
intercept with the x-axis and an inclined line at low frequencies due
to the ohmic resistances within the cell (R) and solid-state diffusion,
respectively. For all cells with CMC-based electrodes (except the
NCA-variant) three semicircles can be observed. Three semicircles
have often been reported in literature when the impedance spectra
were recorded at higher state of charge.”*’® The associated
resistances have been mostly assigned, from high to low frequencies,
to the surface film impedance (R¢), the electronic properties of the
active material or a combination of charge transfer resistance at the
metallic lithium/electrolyte interface along with the electronic
conductivity of the active material (R") and the charge transfer
impedance at the cathode/electrolyte interface (R.). In contrast,
three semicircles are hard to discern for the cells with the NMP-
based electrodes. However, the presence of three semicircles seems
to be supported by the Bode plots and the first two semicircles may
be simply overlapped in the Nyquist plot (Fig. S1). The differences
might be attributed to the different binder-types and therefore a
different interaction behavior with the active material. Therefore, it
is hard to differentiate between water- and binder-induced influences
on the impedance spectra. Ry is higher for the cells containing
CMC-electrodes than the reference cells. This may be attributed to a
degradation of the active materials during aqueous processing,
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Figure 5. Nyquist plots of cells containing NMP- or H,O-based electrodes at 4.3 V obtained after the formation protocol. The inset in (d) represents the
impedance spectrum of a cell containing an aqueous processed NCA-electrode.

which may explain the slightly higher polarization in the last the cells with NCM111 is lower for the H,O-variant compared to its

formation cycle(s) (Fig. 3). Interestingly, although the total im- NMP-counterpart. This difference might be attributed to the more
pedance is higher for the cells with water-based electrodes and the detrimental effects of water on the nickel-rich materials. The overall
active materials with higher nickel content, the total impedance for impedance of the cell with aqueous-processed NCA electrode is on
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no voltage profiles are shown for this variant.

the order of two orders of magnitude higher than all of the other
cells. This is consistent with the high overpotential of NCA cells
with a water-based electrode. Therefore, the extraction of lithium
ions from the NCA structure cannot be initiated in the voltage ranges
examined. As noted above, the origin of the overpotential is thought
to be in a thick surface layer formed during water contact. Further
studies are necessary to clarify this point.

After formation, a rate performance test was performed. The
average discharge capacity and coulombic efficiency is depicted in
Fig. 6. The average discharge capacity remains higher for the NMP-
cells as compared to the cells with aqueous processed electrodes
during the whole test. As expected, the cells with water-based NCA-
electrodes again did not show any electrochemical activity during
cycling. The NMP-processed NCA electrodes show good cy-
clability, which suggests that the challenges lie with the processing
rather than the NCA active material itself. When comparing the
NCM cells, the performance of the cells with NCM111/CMC
electrodes is similar to the reference cells irregardless of the current
density. In contrast, the cells with the nickel-rich cathode materials
(NCM622 and NCM811) show increased capacity fading after
water-based processing especially upon cycling with increased
current densities (1C). The capacity retention is 95.3%/97.5%
(NCM622) and 92.0%/98.6% (NCMS8I11) related to the first and
last 1C-cycle for the CMC- and PVDF-based variant, respectively.
Interestingly, Sicklinger et al. have shown that upon contact with
ambient air basic surface contaminants such as nickel carbonate
species can be formed on especially nickel-rich NCMs, which can
react with EC-containing electrolytes leading to enhanced capacity

fade.”” The capacity fade, which is more pronounced with NCM811,
supports the mechanisms according to the report above.

The voltage profiles in the 2nd (C/10), 27th (1C) and 45th (1C)
cycle are shown in Fig. 7. As with the voltage profiles from the
formation cycles, the cell polarization at low currents (C/10) is
almost independent of the processing solvent for each active material
(excluding the cells with the water-based NCA electrodes). For
aqueous-based NCM622 and NCMB8I11 cells, the polarization in-
creases with increasing cycle number at high current densities (1C)
relative to the NMP-based cells. As noted above, this effect is likely
related to increased side-reactions between the EC-based electrolyte
and the nickel-rich materials. Interestingly, this effect is not evident
with NCM111, which indicates that a water-based process with
CMC as a binder is, in principle, possible for active materials with a
lower sensitivity against water and might even help to obtain higher
capacity retention as it was already observed in the literature.’ This
statement is naturally dependent on the ability to control other
effects, such as aluminum corrosion, during aqueous processing.

Conclusions

In this study, different layered oxides (NCM111, NCM622,
NCMS8I11 and NCA) were evaluated in terms of their response to
aqueous processing under the same conditions to facilitate a direct
comparison. The time-dependent metal leaching of the different
layered oxides in water shows that the lithium leaching is more
pronounced for active materials with higher nickel content. In the
case of NCA, aluminum and a disproportionately high amount of
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lithium as compared to NCM811 is leached. This suggests that in
addition to the nickel-driven reactions, NCA also undergoes
degradation mechanisms involving aluminum that might lead to
further lithium loss. More studies are needed to further clarify this
point. For the materials with higher lithium leaching, more basic pH
values are also observed and a specific limit is reached for each
individual cathode material.

The electrochemical performance of cells containing aqueous-
processed electrodes was compared with cells containing NMP-
based electrodes. All cells with water-based electrodes show a lower
capacity as compared to their NMP counterparts. Therefore, the
leached lithium of the active material upon contact with water must
at least partially come from the active material structure and not only
from remaining surface impurities from the material synthesis. In the
first cycles a pronounced increase in the capacity of the electro-
chemically active cells with water-based electrodes is observed,
which indicates a partial regeneration of water-exposed layered
cathode materials possibly via a reversed Li*/H*—mechanism. The
changes at the material surface due to lithium leaching and other
mechanisms during aqueous processing results in an increased initial
overvoltage which likely impedes the extraction of lithium ions during
the first cycle. A decrease in the overvoltage in the subsequent cycles
illustrates that the damage may be, at least, partially repaired,
assuming that a sufficient lithium source, as would be the case in a
half-cell configuration, is present to replace the leached lithium. In the
case of NCA, however, the structural changes result in a highly
resistive layer that results in an increase in the initial overvoltage
(>500 mV as compared to the NMP-processed reference cells) and
renders the cells essentially inactive. The cycling experiments show an
increased capacity fading for the cells with nickel-rich water-based
electrodes likely due to increased side reactions from water-induced
surface species. Taken together, the results demonstrate that NCM111
is the least sensitive and NCA is the most sensitive to aqueous-
processing of the materials in this study.

Based on the direct comparison of the different active materials,
it is clear that aqueous electrode processing is proving to be
increasingly challenging, particularly with the current move to
higher nickel-content active materials. Approaches to mitigate
processing-related effects, such as suitable surface coatings, are
urgently needed for the feasible implementation of a water-based
electrode fabrication process. It seems that the presence of aluminum
in the active material, at least in the case of NCA, exacerbates the
situation. For future cathode materials such as NCA with a further
increased nickel content or possibly even quaternary layered nickel-
rich oxides with NCMA-structure, the role of aluminum in water-
induced degradation processes needs to be clarified. In the second
part of this work, the water-induced surface changes of NCA will be
examined in more detail, including the affect of these changes on the
electrochemical performance in order to elucidate the origin of the
high water sensitivity of NCA.
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Aqueous electrode manufacturing of nickel-rich layered oxide cathode materials poses a significant challenge due to their high
water sensitivity. LiNip gCog.15Alp050, (NCA) has been shown to be particularly sensitive not only to water during processing, but
also ambient air. In an effort to further clarify the processes that occur when NCA is in contact with water, the active material was
investigated after different durations of water exposure. The results show that a differentiation has to been made between the
surface impurities already present on NCA in the pristine state, water-induced surface species and water-induced leached species.
The results demonstrate that the water-induced surface species can be mainly attributed to chemisorbed CO,, nickel carbonate and
NiOOH-like species but also smaller amounts of newly-formed aluminum and cobalt compounds. The water-induced leached
species were assigned to lithium and aluminum-containing species. Water-induced surface species lead to a severe deterioration of
the cells due to the resistive nature of these moieties and their involvement in side reactions during cycling. It is essential to find
ways to suppress the formation of these species for the successful implementation of aqueous processing for NCA and likely
nickel-rich cathode materials in general.
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In recent years, nickel-rich layered oxides have been identified as
promising cathode materials due to their high capacity and operation
voltage for batteries in electric vehicles (EVs) to meet the consumer
demands for longer driving ranges."” This group of cathode materials
includes, among others, Li(Ni,Co,Al)O, (NCA), which is already part
of Panasonic batteries in EVs used by Tesla.'* NCA is related to
LiNiO,, where a fraction of the nickel cations have been replaced by
cobalt and aluminum cations. While aluminum ions, which are redox
inactive, enhance the thermal stability of delithiated layered oxides,
cobalt ions stabilize the alternating layered structure.*® Due to the
high capacity of around 200 mAh g~ ' combined with an average
voltage of 3.7 V, cells with NCA can provide high energy density.

One drawback of NCA is that it is known to be very sensitive to
moisture which can result in a drastic deterioration of the electro-
chemical performance.® Upon storage in ambient air or wet condi-
tions, detrimental surface species are formed which have been
reported to be mainly Li,CO3, LiOH or LiHCO3.*™" As a result,
it is difficult to imagine that aqueous electrode processing, which has
the potential for more environmentally-friendly and cost-effective
electrode production, can replace the conventional N-methyl-2-
pyrrolidone-based process, at least when unmodified NCA is
used.'* Nonetheless, by protecting the NCA surface with a suitable
coating, the performance of cells containing aqueous-processed
NCA electrodes can be remarkably improved.'” " The coating
approach is one of various strategies which have been used to
improve aqueous processing of layered-oxide cathode materials in
general. Other strategies present in the literature, such as the use of a
carbon-coated current collector foil and the addition of oxidic
additives or acids, aim to prevent aluminum corrosion which is
induced when the slurry pH value exceeds 9.2'=%3 Moreover, the type
of waterborne binder has also been reported to significantly affect
the cell performance.”**’

In Part I of these two publications, which evaluated different
layered-oxide cathode materials such as NCMI111, NCM622,
NCMS811 and NCA for use in an aqueous electrode manufacturing
process, NCA was identified as the most water-sensitive active
material.'"* Nickel-driven processes that lead to lithium leaching
upon water contact have been proposed for all of the materials

“E-mail: guinevere.giffin@isc.fraunhofer.de

investigated. An additional degradation mechanism for NCA invol-
ving aluminum was suggested, which resulted in a negligible
electrochemical performance.

In an effort to further elucidate the processes that take place when
NCA is in contact with water, active material particles have been
exposed to water for different durations and were investigated by
X-ray diffraction (XRD), scanning electron microscopy (SEM),
thermogravimetry coupled with mass spectrometry (TG-MS) and
X-ray photoelectron spectroscopy (XPS). Moreover, the impact of
water-induced surface species on the electrochemical performance
was analyzed in detail by electrochemical cycling, cyclic voltam-
metry and impedance spectroscopy.

Experimental

Cathode material.—Commercial LiNigCoq 15Al.0502 (NCA,
NAT-1050, TODA) was stored in a dry argon atmosphere and used
without further modification.

Aqueous NCA suspensions.—LiNi, gCoq 15Alp050, was added
to deionized water (25 °C + 2 °C; mass ratio NCA:water = 1:3) and
continuously stirred for 2h. The suspension was then filtered; the
resulting NCA powder and the filtrate were dried separately at 110 °C
for 16 h. This NCA and filtrate are denoted as NCA-2 h and filtrate-2 h,
respectively. Additional NCA samples were prepared in the same
manner as NCA-2h and stored in water for further six hours (NCA-8h ),
and a week (NCA-1w) after the mixing procedure.

Electrode processing.—For the preparation of electrodes, PVDF
(Solvay, Solef® 5130) was first dissolved in N-methyl-2-pyrrolidone
(Sigma-Aldrich) overnight. The active material and conductive
carbon (Imerys, Super C65) were added and the slurry was
homogenized in a speedmixer (Hauschild & Co KG). The ratio of
active material, conductive carbon and binder was 92:4:4. The
resulting slurries were casted on aluminum foil (20 um) by the
doctor-blade technique. The coated electrodes were stored in a fume
hood overnight and then pre-dried under vacuum at 80 °C for 2 h.
The dried electrodes were calandered to 50% of initial electrode
thickness. Disc electrodes (16 mm in diameter) were cut from the
electrode sheets and further dried under vacuum at 80 °C for 5 h. The
mass loading was 11 = 1 mgem 2.
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Cell assembly and electrochemical measurements.—Cathode
half-cells were assembled with metallic lithium (Sigma-Aldrich) on
copper foil as the counter electrode in a pouch bag configuration.
Aluminum tabs and copper-nickel tabs (Targray) were used to
connect the cathode and lithium electrode, respectively. 1 moll™"
LiPFs in EC:DMC 1:1 wt/wt (BASF, LP30) was utilized as the
electrolyte and a single layer polyethylene membrane (Celgard,
2500) was used as the separator. All cells were built in an argon-
filled glove box (MBraun, O, and H,O < 1 ppm). Three cells were
made for each combination and the error bars in the figures represent
the standard deviation.

The cells were cycled with a battery cycler (Maccor, Series 4000)
in a climate chamber (Memmert) at 25 °C. The lower and upper
cutoff was 3.0 V and 4.3 V, respectively. A constant current-constant
voltage (CCCV) mode with a current limitation in the CV-step of
C/20 was used for the charging process, while a constant current
(CC) mode was used for discharge. The formation protocol involved
five CC cycles (both charge and discharge) at 20.0mA g '. To
calculate the current for the cycling experiments, the capacity
obtained from the last formation cycle was used.

Cyclic voltammetry was carried out between 2.7V and 4.5V
with a scan rate of 50 £V s~ on a VMP300 galvanostat/potentiostat
(BioLogic) in a climate chamber (Memmert) at 25 °C. A three-
electrode pouch cell with lithium as a reference electrode was used.
Electrochemical impedance spectroscopy (EIS) analysis was also
carried out on a VMP300 galvanostat/potentiostat (BioLogic) with
an amplitude of SmV in the frequency range from 1 MHz to
10 mHz.

Characterization methods.—Powder XRD patterns were re-
corded between 10° and 80° 260 with a step size of 0.002° and a
10 mm aperture on a PANalytical Empyrean series 2 diffractometer
with a Cu-source (Cu-K,: A = 0.1540598 nm). Rietveld refinement
of the data of filtrate-2h was conducted by using the HighScore Plus
4.6a software (PANalytical). In total four phases were used in the
refinement, LiOH (PDF-no. 98-002-7543), LiOH-H,O (PDF-no. 98-
000-9138), Li,CO5; (PDF-no. 98-006-9133) and LiAl,(OH);-2H,0O
(PDF-no. 98-007-2979). The surface morphology was investigated
by using a high-resolution ZEISS Auriga 60 scanning electron
microscope (Carl Zeiss Microscopy GmbH) equipped with an
energy-dispersive X-ray spectroscopy detector. Thermogravimetric
analysis (NETZSCH STA 449C Jupiter®) with coupled mass
spectrometry (NETZSCH QMS 403C Aéolos®) was conducted
between 33 °C and 1125 °C in argon with a heating rate of

<
\

[ = 200nm

10 Kmin~' and using the m/z range from 10 to 200. Throughout
the rest of this work, the term H,O signal, O, signal and CO, signal
will represent m/z = 18, m/z = 32 and m/z = 44 signal, respectively.
XPS spectra of NCA-p and NCA-2 h were recorded using a Surface
Science Instruments S-Probe X-ray photoelectron spectrometer
equipped with a monochromatic Al-K,, X-ray source. Prior to the
measurement, the powder were embedded in indium foil. All spectra
were calibrated with the C; peak at 284.6 eV.

Results and Discussion

Analysis of pristine and water-exposed NCA.—The crystal-
lographic structure of pristine (NCA-p) and water-exposed NCA
(NCA-2h and NCA-1w) was examined by XRD (Fig. S1 is available
online at stacks.iop.org/JES/167/140535/mmedia). The peaks of each
sample can be assigned to a layered a-NaFeO, structure.”® A clear
splitting of the peak pairs (006)/(102) and (108)/(110) is observed and
the Ipps/loos ratio is determined to be around 1.6, which indicates a
well-crystallized structure with low Li"/Ni*" cation mixing.>**° No
new species or phase changes could be detected for NCA-2h and
NCA-1w, indicating that the bulk structure of the cathode material
remains intact even after water exposure.

Scanning electron microscopy (Fig. 1) was used to examine the
surface of NCA in the pristine state, and after two hours and one
week water exposure. The secondary particles show a raspberry-like
structure with a diameter of around 5 pm. In the magnified images, it
can be clearly seen that increased water exposure results in changes
at the active material surface. While the surface is smooth for
pristine NCA, a fine particulate layer is formed on the surface of the
water-exposed samples, which seems to be the most pronounced for
NCA-1w. A similar observation was made by Wang et al. for NCA-
exposed to moisturized air.® In that case, a surface film that grew
with exposure time was attributed to the formation of Li,COj3.

Thermogravimetric analysis with coupled mass spectrometry was
performed to examine the composition of the surface species before
and after water exposure (Fig. 2a). The mass loss curves can be
found in Fig. S2a. The results were divided into three temperature
regions (I: 33 °C-125 °C, II: 125 °C-525 °C and III: 525 °C-
1125 °C) analogous to that presented by Sicklinger et al. for data
from NCM111 and NCM811 upon storage in moisturized air.”'

For all samples, there is no mass loss detected in region 1. A
significant mass loss for NCA-2h (1.1%) and NCA-1w (1.5%) can
be detected in region II that increases with prolonged water exposure
duration. For NCA-p, the first mass loss occurs in region III at an

Figure 1. SEM images showing NCA pristine (a, d; NCA-p) and after different water exposure durations (b, e; NCA-2h; c, f; NCA-1w).
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Figure 2. Derivative mass curves for NCA-p/NCA-2h/NCA-1w (a) and NCA-2h/filtrate-2h (b) in the temperature range 33 °C—1125 °C and associated m/z =
18, m/z = 32 and m/z = 44 signals, which were assigned to H,O, O, and CO,, respectively. The intensity of the mass signal m/z = 44 was multiplied by a factor

of 1.5.

onset temperature of ~700 °C. A slightly lower weight decrease is
observed in region III for the water-exposed variants (NCA-2h:
5.5%; NCA-1w: 5.3%) than for NCA-p (5.7%). The temperature-
dependent mass signals m/z =18, m/z = 32 and m/z = 44 are
depicted for all samples in Fig. 2a (bottom). These three m/z signals
were assigned to the release of H,O, O, and CO,, respectively. As
with the thermogravimetric results, there are no peaks in the m/z
curves in region L. In contrast, in region II H,O, O, and CO, signals
can be detected for NCA-2h and NCA-1w. For both samples, the
first onset of the H,O and CO, signals is ~145 °C. Two peak
maxima at ~220 °C/~275 °C and ~220 °C/~330 °C can be found
for the H,O signal and CO, signal, respectively. Furthermore, a peak
maximum of the O, signal lays at ~330 °C in region IL. In the last
temperature region (III), a significant increase of the O, signal and a
small CO, signal can be detected for all samples.

For a detailed interpretation, these results were compared to data
reported in previous literature. Pure Li,CO5; has been shown to
decompose in argon with the release of CO, between 650 °C and
1100 °C.*'*? Therefore, the small CO, signal detected in region III
is assigned to the decomposition of Li,COj;. Li,CO3, even on
pristine NCA, is a plausible surface species as it can be used as a
precursor for the active material synthesis and small amounts may
remain.” Interestingly, the intensity of the CO, signal decreases
from NCA-p to NCA-2h and the signal is negligible for NCA-1w.
This correlates well with the lower mass loss for the water-exposed
samples in region III. It should be noted that the NCA-2h and NCA-
1w samples were obtained after filtering the aqueous NCA/water
suspensions. Therefore, this trend may result from an at least partial
dissolution of surface Li,CO;5 (from synthesis) which is enhanced
with longer water-exposure time. The pronounced O, signal in
region III is assigned to the thermal decomposition of the NCA
structure. It is known that layered oxide cathode materials decom-
pose at high temperatures (>600 °C) and release oxygen.”'

Region II is thought to be of specific interest, since a mass loss
and m/z signals in this temperature range were only detected for the
water-exposed NCA samples. Moreover, water-induced species
seem to be continually formed during water exposure since the
mass loss is higher for NCA-1w than for NCA-2h. The thermal

decomposition of Li(NiCoAl)O, powder stored in ambient atmo-
sphere was examined by Faenza et al. and Wu et al.”'? Faenza et al.
assigned the mass loss detected in the temperature range of region
II to the decomposition of LiHCO;5 (150 °C-350 °C) and LiOH
(350 °C—-450 °C). Wu et al. proposed the decomposition of LiOH
and LiCO; starting at 220 °C (although they noted that this
temperature is much lower than that for crystalline LiOH and
Li,COs3). Neither group conducted a coupled mass spectrometry
analysis. The decomposition of pure LiOH in argon has been
reported to start at around 400 °C and is accompanied by the release
of H,0.>"**? Since no H,O signal has been observed around 400 °C,
the presence of LiOH is essentially excluded here. Coupled TG/MS
data has not been found for LiHCO;. Furthermore, it is unclear
from the published literature if this species is stable as a solid at
standard conditions.** Interestingly, mass loss and the same mass
fragment peaks have been observed at similar temperatures in
reports with structurally-related layered oxide compounds such as
Li(NiCoMn)O, and LiNiO, that have been exposed to ambient air or
water.> 3¢ For instance, Pritzl et al. investigated the effects of
washing of NCMS851005 particles in degassed water.> In the
temperature range of region II, they detected two subsequent
H,0-signals with peak maxima at ~180 °C and ~250 °C as well
as a maximum in the O, signal at ~310 °C. The results were
attributed to the thermal decomposition of a NiOOH-like structure
formed due to H"-/Li*-exchange in the water-exposed NCM. The
reported signal sequence is quite similar to that detected for NCA-
2h and NCA-1w (H,O: ~220 °C and ~275 °C, O,: ~330 °C (peak
maxima)). Moreover, this assignment is also supported by a report of
Toma et al., where a Li;  HNiO, structure for ambient air exposed
LiNiO, was proposed on the basis of thermal (significant mass loss
between 200 °C-320 °C) and chemical analysis.”® The stepwise
mechanism of the thermal decomposition of pure NiOOH can be
found in various publications. *~*° For example, Hamdan et al.
explained that the thermal decomposition of NiOOH begins with
water loss from the material surface (0 °C-120 °C), followed by
water loss between the NiOOH interlayers (120 °C-280 °C). The
final step of the NiOOH decomposition as shown in Eq. 1 occurs
between 280 °C—400 °C.
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2NiOOH — 2NiO + H,0 + 1/20, (1]

No mass loss was detected at temperatures lower than 110 °C
here as all the samples were pre-dried before the measurement at
110 °C for 16 h in air. In principle, the formation of CoOOH, which
has already been reported for washed LiCoO,, would also be
conceivable, but a decomposition temperature between 250 °C—
270 °C along with the release of O, and H,O would be expected for
this species.”™** However, due to the comparatively low proportion
of cobalt in the NCA structure, these signals might have an intensity
that is too low to be clearly detected.

A plausible explanation can be found for the CO,-signal at
~330 °C in the report by Sicklinger et al.>' In this case, a peak
maximum for the CO, signal at ~335 °C was detected for NCM111
and NCMS811 which was more pronounced for the ambient-stored
samples. It was suggested that this signal originates from the
decomposition of nickel carbonate species. The formation of nickel
carbonate species was also proposed by Jung et al. when analgyzing
NCM811 stored in ambient air using Raman spectroscopy.*” The
origin of the CO, signal at ~220 °C is a little more difficult to
explain. For example it has been reported that chemisorbed CO,
with mixed carbon-oxygen coordination on NiO has a CO,
desorption temperature of 240 °C.** Moreover, Visbal et al. reported
the successful removal of chemisorbed CO, species on NCA at a
temperature of 250 °C.*> Although further studies are needed to
clarify this point in more detail, this feature could also be associated
with chemisorbed CO,. It should be noted that only components that
decompose in the temperature range analyzed above with sufficient
signal intensity are identified and thus other surface species may also
be present. At the same time it is necessary to note that these results
refer to the contact of the cathode material with deionized water. For
an aqueous electrode slurry, additional components (additives,
binders, etc) are used that can for example modify the pH value
and might therefore lead to the formation of other surface species.
To investigate the influence of other slurry components further
studies are necessary, which is beyond the scope of this work.

NCA-p and NCA-2h were analyzed by XPS to further elucidate
the surface composition before and after water exposure. The
relative amount of surface lithium for NCA-2h is approximately
half that of NCA-p (Table S1). This result is consistent with the
dissolution of residual lithium compounds such as lithium carbonate
and with the assumption that a Li"/H"-exchange occurs when NCA
is exposed to water.

The XPS spectra of the O 1s signal can be found in Fig. 3a. Three
peaks centered at binding energies of 528.8eV, 531.2eV and
533.2eV can be detected for NCA-p. Based on previous literature,
these peaks can be assigned to NCA lattice oxygen (O>), carbonate
and hydroxide species (Ocosz2—, on—) and adsorbed oxygen
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containing species (O,dsorbed) respectively.g““”47 The intensity of
the latter signal clearly increases in the spectrum of NCA-2h,
indicating an increased amount of adsorbed species. In contrast, the
signal intensity of O is rather unaffected by water-exposure. It
should be noted that a O* signal for NIOOH (a species proposed
based on the TG-MS analysis above) is expected around 528.7-
529.5eV and therefore, in the same region as the NCA lattice
oxygen.**® As such, it is hard to discern between O®~ from NCA
and possible newly-formed NiOOH-species. The signal at around
531 eV is mostly assigned in literature to lithium carbonate species
on NCA.”"? At first glance, due to the solubility of lithium carbonate
in water, a decrease in this signal for NCA-2h is expected.
Interestingly, the intensity of this signal remains nearly the same.
This might be explained by the fact that signals of nickel carbonate
and NiOOH (both species proposed based on the TG-MS analysis
above) around 531.6 eV* and 530.8-532.4 eV,”'48 respectively, are
expected to increase.

The spectra of both samples obtained in the Ni 2p region are
depicted in Fig. 3b. For pristine NCA, Haasch and Abraham detected
the 2ps/, and ZEI 2 signals centered at a binding energy of 855.2 eV
and 872.6 eV.*° This is in good agreement with the signals detected
for NCA-p at 855.0eV and 872.3 eV. However, at least one other
nickel species might be present even on NCA-p as further lower
intensity peaks at higher binding energy (Ni’* 2pz,: 857.0 eV, Ni”’
2p1o: 8743 eV) can be detected. The intensity of these signals
increases for NCA-2h. For NiOOH, the Ni 2p5,, signal is expected at
a binding energy of around 855.3 eV*® and therefore cannot be
differentiated from the Ni 2ps/, signal for NCA. In contrast, the 2p3,»
signal for nickel carbonate has been reported at a higher binding
energy of 856.8 eV.*” Therefore, the signals at higher binding
energy, supported by the TG-MS results, were assigned to nickel
carbonate species. Interestingly, in the report by Jung et al. on
ambient-aged NCMS811, a shift of the Ni 2p3/, signal towards higher
binding energy compared to the fresh NCM811 has been observed,
but could not be explained.*® It is possible that the peak shift in their
study might be also related to nickel carbonate as they were able to
detect such species on the ambient-aged NCM811 sample by Raman
spectroscopy, as described in the previous section.

The spectra obtained in the Al 2p and Co 2p region can be found
in Figs. S3a, S3b. For NCA-p, one Al 2p signal was detected and,
based on previous literature, assigned to aluminum from the NCA
structure.**>* For NCA-2h , a second aluminum signal (Al’* 2p) is
clearly observable at 75.8 eV. For AI(OH); and AIOOH species,
Lindsay et al. reported binding energies in the range of
74.7eV-75.7eV.”" The latter compound has been proposed to be
formed upon water contact in Part I.'* Additional signals can be
found for NCA-2h in the cobalt region at 782.9 eV (Co’’ 2p;/,) and
7979 eV (Co’” 2py,) which might be attributed to Co(OH),. In a
work on the electrochemical oxidation of Co metal in alkaline
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Figure 3. XPS spectra of NCA-p and NCA-2h recorded in the O 1s (a) and Ni 2p (b) region.
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Figure 4. SEM images of filtrate-2h (a), (b) and associated EDS-spectra (c). XRD spectrum of filtrate-2h and Rietveld refinement (d).

conditions by Han et al., Co(OH), was the only cobalt-containing
compound with a 2ps, signal above 781.0 eV.>* As the Al- and Co-
compounds only represent a small fraction of the surface species, as
would be expected given the high nickel content in the NCA
structure, the TG-MS analysis were attributed to nickel-containing
species. Finally, the detection of a S 2ps3, (168.9eV) and S 2py)
(170.9 eV) signal for NCA-p, which is not observed for NCA-2h, is
noteworthy (Fig. S3c) . Sulfate salts are often used as precursors for
the synthesis of layered-oxide cathode materials.’>~> Therefore, it is
possible that the pristine NCA had traces of, e.g., residual lithium
sulfate on the surface which would dissolve upon contact of the
NCA particles with water. A sulfur signal was also evident in
the XPS data of Haasch and Abraham for NCA from the same
supplier.*® It should be noted that the surface properties of the
pristine particle (including possible precursor residues) depend on
the manufacturing process (nature and mixing of the metal pre-
cursors, particle size, storage conditions, etc.) and can therefore vary
from sample to sample.

Based on the TG-MS and XPS data, the species formed on the
NCA surface upon water contact and decomposing below 500 °C are
mainly attributed to chemically-adsorbed CO,, nickel carbonates and
NiOOH-like species. New water-induced aluminum- and cobalt-
species were evident from XPS data, but seem to be only present in
smaller amounts.

Analysis of the filtrate.—In Part I of these two publications, it
was shown that significant amounts of lithium and also aluminum
was detected by ICP-OES in the filtrate of NCA-water suspensions,
but no nickel or cobalt was detected.'* The water-induced surface
species described above were mainly assigned to nickel compounds.
Therefore, it is assumed that in the context of aqueous electrode
processing, there must be a clear differentiation between species
formed on the active materials surface and leached species. To

clarify this aspect, the TG-MS results of NCA-2h were compared to
those of the dried filtrate-2h as shown in Fig. 2b. The mass loss
curve for filtrate-2h can be found in Fig. S2b.

The m/z signals show that the compounds on the particle surface
and in the filtrate differ. The highest mass loss for filtrate-2h is
seen in region III and associated with a release of CO, starting at
~800 °C. This signal is at least 2partia]ly attributed to the decom-
position of lithium ca.rbonate,3 132 Which in the filtrate might stem
from: 1) the dissolution of lithium carbonate from the pristine active
materials surface (as described above); 2) newly formed Li,COj;
built in a multistep mechanism starting with spontaneous reduction
of Ni*" to Ni** accompanied by the reaction of active oxygen with
water and CO,; or 3) from lithium liberated during a proton-
exchange process upon water contact which forms lithium hydroxide
and can further react with CO, to lithium carbonate.'***~® The H,O
signal with an onset of around ~400 °C is associated to the thermal
decomposition of lithium hydroxide.*>** The H,O signals arising at
~150 °C might be related to removal of crystal water of lithium
hydroxide™ and/or the loss of water followed by stepwise con-
densation of different OH groups in aluminum compounds such as
LiAL(OH); x H,0.°° The latter compounds were lproposed to be
built upon the contact of NCA with water in Part I.'*

A SEM/EDS analysis was conducted on filtrate-2h to provide
further evidence for the composition of the filtrate species. In
Figs. 4a and 4b SEM images of two different filtrate-2h particles
are depicted. Both samples show different bright areas within the
large particles, indicating that a mixture of compounds is present.
The associated EDS spectra can be found in Fig. 4c. The elements C,
O and Al can be clearly detected in both spectra. Moreover, a sulfur
signal with relatively low intensity can be detected, which is in
accordance with the XPS results shown above. It should be noted
that the Ag and Pt signal in area 1 stems from the SEM/EDS sample
preparation process. Furthermore, the detection of lithium via EDS is
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Figure 5. Proposed evolution of surface and leached species on NCA during prolonged water exposure.

not possible due to the low energy of Li-K,, X-rays (at least with the
equipment used here). However, the presence of lithium was already
demonstrated by ICP-OES analysis in Part 1.'*

The XRD analysis of the dried filtrate further supports the assign-
ments made above. The main peaks can be assigned to Li,CO3, LiOH
and LiOH-H,O (Fig. 4d). Moreover, the presence of LiAl,(OH); -
2H,0 seems to be plausible. The phase quantification by Rietveld
refinement of the crystalline part of filtrate-2 h yields 11% of LiOH,
14% of LiOH-H,O, 69% of Li,CO;3 and 5% of LiAl,(OH);-2H,0.
However, from the difference curve it is clear that also other phases
(e.g. sulfur containing compounds) could be present in the filtrate since
not all of the reflections can be attributed to the refined phases.
Nonetheless, it can be assumed that the weight percentages of these
phases are rather small due to the low intensity of the unassigned peaks.

Summary of physical and chemical characterization results.—
In summary, when NCA is exposed to water, e.g. during aqueous
processing, the following processes occur: 1) the removal of surface
impurities (e.g. Li,CO3) from the pristine NCA; 2) the water-
induced leaching of lithium and aluminum that can be detected in
water (forming e.g. LiOH, Li,COs3, LiAl,(OH); x H,0); and 3) the
formation of water-induced surface species (e.g. NiOOH, basic
nickel carbonate). These three processes are illustrated in Fig. 5. The
involvement of aluminum in the leaching process is particularly
noteworthy and may be at least partially responsible for the extreme
moisture sensitivity of NCA as it may destabilize the surface
structure. In comparison, there were no transition metals in the
filtrate of various NCM materials in Part 1.'* This is likely at least
partially responsible for the better electrochemical performance of
these materials as compared to NCA.

Impact of water-induced surface species on the electrochemical
performance.—The influence of the water-induced surface species
on the electrochemical performance was investigated using pristine
(NCA-p) and water-exposed NCA (NCA-2h, NCA-8h and NCA-
1w) that was processed in conventional NMP/PVDF-based slurries.
Water-based processing was not used for the further investigation
presented here as the overvoltage in the results presented in Part I
was so high that the cells were essentially electrochemically
inactive.'* The results obtained during the formation cycles are
depicted in Fig. 6. Figure 6a shows the specific discharge capacity
over the cycle number. The average specific discharge capacity is
highest for the cells with NCA-p during the whole formation
protocol followed by the cells of NCA-2h, NCA-8h and NCA-
1w, which deliver 192.0 mAh g', 189.4 mAh g™', 187.8 mAh g
and 180.9 mAh g in the last formation cycle, respectively. The
lower capacity with increasing water exposure duration is not
surprising, since the water-induced changes lead to at least a partial
modulation of the original active material surface structure and thus
a reduced storage of lithium ions. The discharge capacity increases
from the st to the 5th formation cycle by 3.1 mAh g™, 3.0 mAh g ',
4.0 mAh g”' and 7.6 mAh g for the cells with NCA-p, NCA-2 h,

NCA-8h and NCA-1Iw, respectively. As this effect can also be
observed for NCA-p, it can be at least partially associated with
the generation of more accessible active material surface area from
cycle to cycle induced by the expansion and contraction of the
cathode particles during charge and discharge.'* This effect is most
pronounced for the cells with NCA-1w, which was exposed to water
the longest. As such, this result, along with the assumption that water-
induced NiOOH-surface species form, might be an indicator for a
regeneration of the active material via a reverse Li"-/H"-exchange
mechanism as proposed by Shkrob et al.>® However, the release of
protons can simultaneously result in a side reaction with the
LiPF6—containin% electrolyte, which leads to enhanced cell degradation
during cycling.®’ The associated coulombic efficiencies are shown in
Fig. 6b. It is striking that the initial coulombic efficiency is lower for
NCA-p (88.7%) as compared to the water-exposed NCAs (~93%),
which suggests less side reactions occur in the first cycle. Xu et al. also
observed higher initial coulombic efficiencies for cells containing
washed LiNigg3C0p 13Mng 40, than those with the original active
material.®®> This result was attributed to the removal of lithium
carbonate remaining from the synthesis. These species are known to
be at least partially involved in gassing reactions in the first
cycle.8‘35‘634’° However, it should be noted that in the case of
aqueous-electrode processing, where no filtration step is involved, as
was carried out in the water-exposure experiments here, dissolved
surface lithium carbonate from the synthesis process and leached
species would still be present within the electrode. After the first cycle,
the coulombic efficiency is highest for NCA-p during the whole
formation protocol. This may be attributed to increased side reactions
in the cells containing the water-exposed NCA involving protons from
a reversed Li*-/H*-exchange or side reactions involving the water-
induced surface species.”’

The exposure of NCA to water also significantly influences the
shape of the voltages profiles (Figs. 6¢c and 6d). As soon as the
charge current is applied, an initial overvoltage can be detected in
the first cycle, which is most pronounced for the cells with NCA-1w
followed by NCA-8h, NCA-2h and NCA-p. Therefore, the over-
voltage seems to be dependent on the water-exposure time and thus
likely the amount of water-induced surface species. Similar phe-
nomena were previously reported and were ascribed to a barrier
layer on the active material surface that impeded the extraction of
lithium ions.”**® The initial overvoltage of the cell containing
NCA-1w (inset of Fig. 6¢) is quite close to the cut-off voltage of
4.3 V. This is consistent with the electrochemical inactivity of NCA
cells with aqueous-processed electrodes in Part I, where the initial
overvoltage quickly exceeded the cut-off voltage.'* The voltage
directly drops for the cells with NCA-p and then increases slowly to
the cut-off voltage of 4.3 V after the initial overvoltage. In contrast,
the cells with NCA-2h, NCA-8h and NCA-1w show further
fluctuations in the voltage profile, which suggest further side
reactions in the first cycle. It seems, however, the surface layer is
either modified or partially removed such that lithium intercalation/
deintercalation pathways are (re)formed since the overvoltage is
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Figure 6. Results of the formation cycles for cells with NMP-processed electrodes containing NCA-p, NCA-2h, NCA-8h and NCA-1w: discharge capacity over
formation cycle number (a), coulombic efficiency over formation cycle number (b) and voltage profiles of a representative cell of each combination in the 1st and
2nd cycle (c), (d). The data in (a) and (b) are the average specific discharge capacity of three cells and the error bars relate to the standard deviation between these

cells.

significantly reduced in the second cycle. The cell polarization
remains higher in the second cycle for the cells with NCA-2h, NCA-
8h and NCA-1w, thus suggesting that the surface effects are not
completely reversible.

Cyclic voltammetry measurements were exemplary conducted
for cells with NCA-p, NCA-2h and NCA-1w between 2.7 V and
4.5V (Fig. 7). The typical phase transitions of NCA, i.e. hexagonal
(H1) to monoclinic (M), monoclinic (M) to hexagonal (H2) and
hexagonal (H2) to hexagonal (H3) can be detected in the 2nd and 3rd
cycle (and the reverse scan in the 1st cycle).®” " The forward scan
in the first cycle differs significantly for all three materials. The
maximum of the current signal is detected at 3.97 V, 4.22'V and
4.39V for the cells with NCA-p, NCA-2h and NCA-1w, respec-
tively. The shift of this current signal to higher voltages with

prolonged water exposure follows the trend of the initial overvoltage
in the first formation cycle (Fig. 6¢), thus supporting the conclusion
that the amount of surface species increases with prolonged water
exposure. Furthermore, the phase transitions are at least partially
overlapped for NCA-2h and NCA-1w in the 2nd and 3rd cycles
(Figs. 7b and 7c). This might be associated with a more impeded
lithium insertion and extraction with water-exposed NCA particles
that slows the electrochemical processes. Interestingly, a slight shift
in the onset of the first oxidation peak to lower voltages for NCA-1w
can be observed from the 2nd to the 3rd cycle. This might be related
to a partial regeneration of the active material surface structure as
discussed above.

To further elucidate the electrochemical performance, impedance
spectra were recorded after the formation for cells containing
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Figure 7. Cyclic voltammetry measurements at a scan rate of 0.05 mVs™' between 2.7 V and 4.5 V for three cycles of cells containing NCA-p (a), NCA-2h

(b) and NCA-1w (c).
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Figure 8. Electrochemical impedance spectra of cells containing NMP-
based electrodes with NCA-p, NCA-2h and NCA-1w at 4.3V after the
formation protocol.

NCA-p, NCA-2h and NCA-1w (Fig. 8). The Nyquist plot from each
cell has a high frequency intersection with the x-axis, followed by
two semicircles and an inclined line at low frequencies. These
features are associated with ohmic resistances within the cell (Ry),
surface film impedance (Ry)/surface film capacitance, charge transfer
impedance (R.)/double layer capacitance and solid-state diffusion,
respectively.”’ The associated Bode plots can be found in Fig. S4. It
should be noted that in Part I of these two publications, three
semicircles were identified in the Nyquist plot of cells with water-
based electrodes, but were rather difficult to discern for the cells with
NMP-based electrodes.'* The differences may have resulted from
the different binders and therefore different interactions with the
cathode material. Here, the presence of a third semicircle should also
not be excluded (in cells with NMP-based electrodes). However, as a
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third semicircle is difficult to clearly discern with the eye, the
interpretation was carried out with only two semicircles. The fit
model and the values obtained for Ry, Ry, and R, can be found in
Fig. S5 and Table S2, respectively. As expected, Ry is similar for all
cell variants. The impedance associated with both semicircles, i.e.
with Ry and R, increases from NCA-p to NCA-2h and NCA-1w.
The increase in impedance demonstrates the resistive nature of the
water-induced surface species, but might also be influenced by
the deposition of electrolyte decomposition products resulting from
the reaction of surface species with the electrolyte. A similar trend
was also reported by You et al. when comparing the impedance
spectra of cells containing electrodes with fresh and ambient air-
exposed LiNig94C00 060, cells, which was attributed to aging-
induced passive layers on the active material surface.”’

The cells shown in Fig. 6 were cycled between 3.0 V and 4.3 V
with an initial C/10 cycle and subsequent cycles at 1C. The cycling
data is shown in Fig. 9 and Fig. S6. The average discharge capacity
decreases in the order NCA-p > NCA-2h > NCA-8h > NCA-lw
(Fig. 9a). The cells with NCA-p show a relatively stable cycling
behavior, while the degradation of the cells with water-exposed
NCA occurs much faster. This observation is consistent with the
results of Wu et al. for air-exposed NCA as compared to fresh NCA
and suggests that the water-induced surface species are involved in
more side reactions which lead to the cell degradation.”® The cell
degradation is also reflected in the capacity retention, which is
94.5%, 80.9% 80.8% and 76.6% for cells with NCA-p, NCA-2h,
NCA-8 h and NCA-1w, respectively. As expected from the results
above, the cell polarization remains highest for the cells containing
NCA-1w electrodes followed by NCA-8h, NCA-2h and NCA-p,
which can be seen particularly when the current rate is increased
from C/10 to 1C (Figs. 9b, 9c). The increased polarization has a
direct impact on the capacity in the CC and CV charge steps. During
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Figure 9. Cycle performance of half-cells containing NMP-processed cathodes with NCA-p, NCA-2h, NCA-8h and NCA-1w (a). Corresponding voltage
profiles of a representative cell of NCA-p, NCA-2h, NCA-8h and NCA-1w at low (C/10, (b)) and high (1C, (c)) current rate. The data in (a) represent the average
specific discharge capacity of three cells and the error bars relate to the standard deviation between these cells.
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cycling the capacity in the CC step decreases and in the CV step
increases more pronounced for the cells with water-exposed NCA
(Fig. S6). This indicates that the damage of NCA upon water contact
not only impacts the initial cycles, but leads to further cell
degradation in the subsequent cycles.

Conclusions

Through the investigation of water-exposed NCA particles, new
surface species, the amount of which seem to increase with exposure
time, have been detected. These water-induced surface species are
mainly assigned to chemisorbed CO,, basic nickel carbonate and
NiOOH-like species and lower amounts of newly-formed aluminum
and cobalt species. In addition, water-induced leaching occurs
primarily in the form of Li,CO3, LiOH and notably also aluminum
compounds. In the context of aqueous processing, the water-induced
surface species remain at the active material surface, while the
leached species would likely deposit on the surface of the other
electrode components as well. In particular, the involvement of
aluminum in the leaching process may cause an enhanced destabi-
lization of the NCA surface, which would explain the high water-
sensitivity of NCA compared to NCM materials as shown in Part I of
this work.'*

Cells with water-exposed NCA show a high initial overvoltage in
the first cycle, a decreased capacity and higher cell polarization most
likely due to the resistive nature of the water-induced surface species
and the degradation of the NCA structure at the particle surface. As a
consequence, an aqueous electrode manufacturing process would
likely result in an even higher amount of water-induced surface
species, along with the deposition of the water-induced leached
species. As such, the lithium ion insertion and extraction would be
almost completely impeded, which explains the negligible perfor-
mance of cells with water-based NCA-electrodes (as observed in
Part I).]4 Moreover, it is assumed that a Li*—/H*—exchange occurs
for NCA in aqueous medium due to the detection of NiOOH-like
species and a continuous increase of the discharge capacity in the
first cycles, which is most pronounced for the cells with NCA with
longest water exposure duration. This effect of water exposure can
be partially reversed. However, a full regeneration of water-exposed
NCA during cycling does not occur and further side reactions
involving the water-induced surface species lead to severe deteriora-
tion of the electrochemical performance reflected in a low capacity
retention of 76.6% for cells with NCA exposed to water for one
week as compared to 94.5% for cells with pristine NCA. Although
these results, at first glance, suggest that aqueous processing of NCA
is not promising, it is likely that modification of the particle surface
to control or suppress the formation of water-induced species may
provide a solution to the challenges discussed here.
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Supporting Information

Figure S1 XRD pattern of pristine (NCA-p) and water exposed (NCA-2h and NCA-1w)
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Figure S3 XPS spectra of NCA-p and NCA-2h recorded in the Al 2p (a), Co 2p (b) and S 2p
(c) region.
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Figure S4 Bode plots of cells containing NCA-p, NCA-2h and NCA-1w obtained from
impedance spectroscopy after the formation protocol at 4.3 V.
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Figure S5 Equivalent circuit model used to fit the EIS spectra. The elements are attributed to
ohmic resistances within the cell (resistor Rs), surface film impedance and capacitance
(RCPE-element Rf, Qf), charge transfer impedance and double layer capacitance (RCPE-
element Rct, Qct) and solid-state diffusion (CPE-element Qd).
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Figure S6 Voltage profiles of a representative cell of NCA-p (a), NCA-2h (b), NCA-8h (c)
and NCA-1w (d) during 1C cycling.




Table S1 Relative surface concentration of the elements Li, Ni, Co, O, C and S on NCA-p and
NCA-2h. The concentration was calculated from the Li 1s, Ni 2p3/2, Co 2pi, O s, C 1s and
S 2p signal. As the Al 2p signal is overlapped with the Ni 3p signal, a reliable value could not
be calculated for aluminum.

sample Li[at%]  Ni [at%] Co [at%] O [at%] Clat%] S [at%]
NCA-p 21.22 3.87 0.22 50.56 23.02 1.12
NCA-2h 10.52 7.49 0.54 54.85 26.60 -

Table S2 Fitting results of EIS for cells containing NCA-p, NCA-2h and NCA-1w after
formation.

cell RJ[Q]  [%] R¢[Q] [%] R [Q] [%]
NCA-p 0.68 +0.76 11.40 +0.41 12.42 +1.53
NCA-2h 0.60 +1.16 13.50 +0.64 15.36 +2.26

NCA-1w 0.81 +0.44 23.77 +0.27 71.75 +0.57
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Surface Modification of LiNi, ;Co, ;5Al,,s0, Particles via
Li;PO, Coating to Enable Aqueous Electrode Processing

Michael Hofmann,” Felix Nagler,”’ Martina Kapuschinski,” Uwe Guntow,” and

Guinevere A. Giffin*®

The successful implementation of an aqueous-based electrode
manufacturing process for nickel-rich cathode active materials
is challenging due to their high water sensitivity. In this work,
the surface of LiNiygC0g15Al00s0, (NCA) was modified with a
lithium phosphate coating to investigate its ability to protect
the active material during electrode production. The results
illustrate that the coating amount is crucial and a compromise
has to be made between protection during electrode process-

Introduction

Lower overall battery costs and environmental impact of current
and next-generation lithium-ion battery production are two critical
aspects in the development of lithium-ion batteries. The imple-
mentation of a water-based manufacturing process seems to be a
promising approach to address these points. It can lower the
electrode production costs and therefore the overall battery price.
At the same time, it would improve the environmental benignity
of battery production.”” The use of an aqueous process would
enable the elimination of the mutagenic and toxic solvent N-
methyl-2-pyrrolidone (NMP), which, as of yet, remains an integral
component of state-of-the-art cathode electrode processing. From
an environmental perspective, the regulations concerning the use
of NMP in the US? and Europe® have been made more stringent.
From a cost perspective, a water-based process should allow
savings in terms of the solvent/binder prices, along with reduced
investment and operation costs for the production plant.**
Despite the advantages, aqueous processing for the cathode
materials is still problematic as metal leaching from the cathode
active material and the resultant highly alkaline slurries lead to the
production of surface impurities, a delithiated subsurface, and
aluminum current collector corrosion, which have a detrimental
effect on the electrochemical performance."*"® Various strategies
with diverse cathode materials have been developed to improve
aqueous-manufactured electrodes, wherein the modification of
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ing and sufficient electronic conductivity through the particle
surface. Cells with water-based electrodes containing NCA with
an optimized amount of lithium phosphate had a slightly lower
specific discharge capacity than cells with conventional N-
methyl-2-pyrrolidone-based electrodes. Nonetheless, the cells
with optimized water-based electrodes could compete in terms
of cycle life.

the active material by applying surface coatings seems to be very
promising.[efﬂﬂé]

LiNiCoAIO, (NCA) has attracted significant attention as a
cathode active material because of its high energy density.!"”
However, NCA is known to be extremely sensitive to
moisture,"*"*? making it a difficult candidate for the aqueous
electrode processing. According to the results in the literature, it is
assumed that aqueous processing of NCA will not be successful
without additional surface modifications, prior to electrode
fabrication"'®'" or in situ surface modification during processing®”
or in a combination of both.”"

The strong P-O-bonding energy in the PO,>~ ion gives metal
phosphates high structural stability against chemical attack.”2?¥
Various phosphate coatings such as Niy(PO,),* FePO,
LiMnPO,*" MgHPO,”® BiPO,” Li;;Aly;Tiy, (PO, Y Li;PO, 2"
Co4(P0,),,** LiFePO, ¥ and AIPO,?"***) have been studied on
NCA and resulted in improved electrochemical performance.
However, to the best of the authors’ knowledge, a phosphate-
coated NCA has never been used in a combination with a water-
based electrode manufacturing process. Amongst the phosphate
coatings mentioned above, Li;PO, is relatively easy to synthesize
and, in contrast to other metal phosphates such as Ni;(PO,),,
Co,(PO,),, BiPO,, FePO, MgHPO, and AIPO, a lithium-ion
conductor.*®*” The latter aspect might comparatively facilitate the
migration of lithium ions through the particles surface.

Therefore, in this study, the surface of LiNiygC0q;5Al5050;
particles was modified by applying Li;PO, coatings via a simple
precipitation reaction. The modified particles are compared with
pristine NCA in terms of their processability in water and their
electrochemical performance in cells. Finally, the cycle stability of
cells with electrodes prepared via an aqueous and the conven-
tional NMP route as reference is investigated.

© 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Results and Discussion

The lithium phosphate coating of NCA was carried out via a
simple precipitation reaction. The chemical reaction is assumed
to be as follows [Eq. (1)]:

3 CH;COOLi + H;PO, — Li;PO, | +3 CH;COOH )

The coating process was done using ethanol as a solvent to
reduce contact of the active material with water in order to
minimize pre-damage of the particle during the coating
process.

X-ray diffraction (XRD) of the pristine and lithium phosphate-
coated powders was performed to determine if the coating had
an effect on the NCA bulk crystal structure (Figure S1). All peaks of
the pristine NCA can be assigned to a layered a-NaFeO, structure
with R3 m space group with clear peak separations of the 006/012
and 108/110 reflections, indicating a highly ordered structure.”®
For the coated powder, no change in the XRD pattern and no
impurity phase peaks were detected. Thus, the coating process
does not affect the active material bulk structure. Peaks attribut-
able to the diffraction pattern of Li;PO, are not found in the XRD
spectra of the coated samples, likely due to the low coating
content.
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Figure 1. ATR-FTIR spectra of pristine and coated NCA particles.
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To confirm the presence of lithium phosphate, the pristine
and coated-NCA particles were characterized by attenuated total
reflection Fourier-transform infrared (ATR-FTIR) spectroscopy. The
magnified spectra (Figure 1) of the pristine and coated NCA
particles show peaks around 860, 1425, and 1487 cm™', which can
be assigned to the CO-bending, symmetric CO-stretching, and
asymmetric CO-stretching vibrations, respectively."” These peaks
can be attributed to carbonate species, which are often detected
on the surface of layered Ni-rich oxides and can be formed by
various processes.***" For the coated samples, two additional
peaks evolve with increasing coating content at around 1027 and
1117 cm ™. According to literature, these peaks can be assigned to
asymmetric P—O stretching vibrations of PO,>~ ions, thus confirm-
ing the presence of the phosphate coating.*” In principle, for a
free phosphate ion, which belongs to the T, point group, only one
signal for the triply degenerate asymmetric P—O stretching
vibration in the range 1100-1000cm ' would be expected.
However, the interaction of PO,*~ with lithium cations or other
jons can lower the symmetry and thus lead to peak splitting.*
The full spectra are shown in Figure S2, but no additional signals
are observable.

The morphology of pristine and coated NCA was investigated
via scanning electron microscopy (SEM). Figure 2 displays the SEM
images of pristine NCA (a—c) and c04-NCA (d-f). Both samples (a,d)
have spherical secondary particles, which are between 5-10 um in
diameter, made up of small primary particles that are 100-500 nm
in diameter. The magnified images (b,e) show a very smooth
surface for pristine NCA and a surface with an increased roughness
for the coated material cO4-NCA. The energy-dispersive X-ray
spectroscopy (EDS) mapping images show the elemental distribu-
tion on the particle surface (cf). All the elements (Ni, Co, Al) of
NCA show a homogenous distribution. Furthermore, phosphorus
is also evenly distributed on c04-NCA, which also supports the
conclusion of a successful phosphate coating.

It is well-known that the slurry pH increases into the highly
alkaline region during a water-based cathode electrode manufac-
turing process, which can lead to corrosion of the aluminum
substrate. Therefore, the pH values of the pristine and coated NCA
particles in aqueous mixtures were measured over a period of 2 h
(Figure S3). Note that the pH results of pristine NCA were
published previously."® The pH of all samples rises almost

inlens

Figure 2. SEM images and EDS elemental mapping of pristine NCA (a-c) and c04-NCA (d-f).
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instantaneously into the high alkaline region and then stabilizes
after around 30 min. The pH value for pristine NCA is 12.69 after
2 h. This end pH value decreases with increased coating amount
to 12.55, 1243, 1236, and 11.97 for c01-NCA, c02-NCA, c03-NCA,
and c04-NCA, respectively. Since the pH value has a logarithmic
dependency on the H;0"-ion concentration, the differences in the
pH measured result in a reduction of the OH™-ion concentration
by a factor of more than 7 for c04-NCA. However, since all the pH
values are higher than 9 and therefore beyond the regime where
aluminum is passivated, the formation of basic species is only
reduced, and aluminum corrosion and the concomitant gener-
ation of hydrogen gas can be expected during the electrode

processing according to Equations (2) and (3).°*”
ALO, + 20H" + 3H,0 — 2 [AI(OH),]- )
2A1+20H" + 6H,0 — 2[AI(OH),]” + 3 H, @)

Figure 3 displays photographs and SEM images of the top
view of calandered aqueous-processed electrodes with pristine
and coated NCA (c04-NCA). The data for the other electrodes (c01-
NCA, c02-NCA, and c03-NCA) can be found in Figure S4. As
expected from the pH measurements, all electrodes show large
holes and cracks stemming from the formation of hydrogen gas
bubbles during aluminum corrosion.”’ However, for the electrodes
containing coated NCA, fewer holes are present (larger reduction
for the electrodes with NCA with a higher coating amount), which
suggests that the Al corrosion was at least partially suppressed.
Moreover, this improvement can be also clearly seen with water-
based electrodes with a higher mass loading, where electrode
cracking caused by hydrogen evolution is known to be a major
issue (Figure S5).*' To fully compensate for the aluminum
corrosion, a number of strategies present in the literature such as
the addition of acids"** or amphoteric oxidic additives,*” CO, gas
treatment,®” and the use of carbon-coated aluminum foil™ can
be applied for further optimization. However, it should be noted
that these approaches mitigate the consequences of water contact
with the cathode material but do not prevent the origin of the

problem from the beginning as is at least partially possible with a
surface coating.

The electrochemical performance of cells containing the
Li;PO,-coated NCA in aqueous-processed electrodes was inves-
tigated in pouch cells in a half-cell configuration. The results of the
formation are depicted in Figure 4. Figure 4a,b shows the average
discharge capacity, while Figure 4c,d shows the voltage profiles of
the first and second cycle, respectively. In accordance with a
previous report of the authors, the cells with pristine NCA particles
have a negligible electrochemical performance due to a high
overpotential that exceeds the cut-off voltage."® The correspond-
ing voltage profiles illustrate the extreme polarization of the cells
(Figure S6). These results were attributed to the formation of
water-induced species, which cover the particle surface and
severely hinder the extraction and insertion of lithium ions.™ In
contrast, all cells containing coated-NCA deliver a reasonable
capacity, demonstrating a protective function of the Li;PO, coating
during the aqueous electrode processing. The initial specific
discharge capacities are in the range of approximately 174-
182mAhg' at rate of C/10 with a coulombic efficiency of
approximately 85% (Figure 4a). As a comparison, the average
specific discharge capacity value with NMP-processed electrodes
containing pristine NCA is approximately 192 mAhg™". This result
will be discussed in more detail later. Upon further cycling all cells
show increasing specific discharge capacities with coulombic
efficiencies above 99%. The increasing capacity can be explained
at least partially by a reversible Li*/H"-exchange as suggested by
Shkrob et al*® This mechanism implies the formation of species
such as NiOOH, which have been shown to be formed on the
surface of water-exposed NCA in a previous report.™ Moreover,
mechanical stress induced by the volume expansion/contraction
of NCA particles during lithium insertion and deinsertion might
also contribute to the increase of capacity by enabling the
electrolyte to wet previously not accessible pores." The specific
discharge capacity of the last formation cycle (5th cycle) is a
maximum of 181.6 mAhg™" for c02-NCA (Figure 4b). The capacity
differs by less than 4 mAhg ™' between the four coated materials.

Figure 3. Photographs and SEM images of calandared aqueous-processed electrodes with pristine NCA (a,b) and c04-NCA (c,d).
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Figure 4. Results of the formation cycles of cells with aqueous-processed electrodes: discharge capacity over cycle number (a), discharge capacity in the last
formation cycle (b), and voltage profiles of a representative cell of each combination in the first and second cycle (c,d). The data in (a) and (b) represent the
average specific discharge capacity of three cells, and the error bars relate to the standard deviation between these cells.

The voltage profiles provide further information about the
nature of the coating. The first and second cycle of a
representative cell of each coated material is depicted in Fig-
ure 4¢,d. All cells show an initial overvoltage as soon as the charge
current is applied, which is the most pronounced for the cell with
c01-NCA followed by c04-NCA, c03-NCA, and c02-NCA. The
magnitude of the initial overvoltage has been reported to reflect
the amount of water-induced surface species on NCA particles."”!
Moreover, various authors report a high initial overvoltage in cells
containing nickel-rich active materials or electrodes that have
been exposed to moisture, which was ascribed to degradation of
the surface or deposition of surface species."®*** This can
explain the high initial overvoltage for the lowest coating amount
(c01-NCA), where the particles seem to be the least protected
against the exposure to water. In contrast, the cells containing a
slightly higher amount of Li;PO, in the coating (c02-NCA) deliver
the highest discharge capacity and lowest initial overvoltage.
Finally, a coating amount that is “too high” results again in a
higher initial overvoltage and lower discharge capacity as seen for
c03-NCA and c04-NCA. In accordance with the literature, the
overvoltage at the beginning of the charge cycle is no longer
present in the second cycle, which was explained by at least
partial decomposition of the surface species during the first
cycle®183%0 |n an effort to better understand the different
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behavior of the cells during the formation, cells with c01-NCA,
c02-NCA, and c04-NCA, as examples for a low, medium, and high
Li;PO, coating amount, were selected for cyclic voltammetry and
impedance spectroscopy measurements. Figure 5a-c shows the
cyclic voltammetry curves of the c01-NCA, c02-NCA, and c04-NCA
electrodes in lithium half-cells at a scan rate of 0.05mVs™
between 2.7 and 4.5 V. The first cycle clearly differs from cycles
two and three. In the first cycle, there is a main oxidation peak at
4.15, 3.99, and 4.05 V for the cells containing c01-NCA, c02-NCA,
and c04-NCA, respectively. Thus, the voltage of this first peak is
highest for electrodes with the lowest amount of coating (c01-
NCA) followed by the highest (c04-NCA) and medium (c02-NCA)
LisPO, coating amount. This trend is consistent with the order of
the initial overvoltage observed in the first cycle of the
galvanostatic formation (Figure 4c). In the second and third cycles,
the characteristic redox pairs of NCA appear, which are attributed
to the phase transitions from hexagonal (H1) to monoclinic (M),
monoclinic (M) to hexagonal (H2), and hexagonal (H2) to
hexagonal (H3) during lithium extraction.*"” Figure 5d shows the
potential differences (AE) between the anodic and cathodic scans
of the three redox pairs for each cell variant in the third cycle.
While the cells with c02-NCA and c04-NCA show comparable AE
values (lowest for c02-NCA), they are considerably higher than
those for c01-NCA, indicating an increased cell polarization.®”
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Figure 5. Cyclic voltammetry measurements at a scan rate of 0.05 mVs ' between 2.7 and 4.5 V for three cycles of cells containing c01-NCA (a), c02-NCA (b),
and c04-NCA (c), and potential differences (AE) of NCA redox pairs in the third cycle (d).

Another sign for an increased cell polarization for the lowest
coating amount (cO1-NCA) is that the anodic peaks for H1/M and
M/H2 are not clearly separated, in contrast to the cells with c02-
NCA and c04-NCA, but are partially overlapped.””

Electrochemical impedance spectroscopy was conducted after
the formation cycles to gain more understanding of the effect of
the amount of coating. The results obtained for c01-NCA, c02-
NCA, and c04-NCA are depicted in Figure 6. For c01-NCA and c02-
NCA, the Nyquist plots consist of four features, which are assigned
based on studies of similar cathode materials in the literature as
the following: a high-frequency intercept due to ohmic resistances
within the cell (R), a first semicircle related to surface film

a)
40 i 01-NCA
after formation 5 C
£ « c02-NCA
s %0 + c04-NCA
= .
N 20 = -
= .
E “®
-10
0
0 20 40 60 80

re (Z) / ohm

impedance (R), a second semicircle related to charge-transfer
impedance at medium-low frequencies (R), and an inclined line
ascribed to solid-state diffusion at low frequencies.** In addition,
for c04-NCA a third semicircle appears in the mid-frequency
region, which can be correlated based on previous literature to
the charge-transfer resistance at the metallic lithium/electrolyte
interface along with the electronic conductivity of the active
material (R.).*® Therefore, a fit model with an additional element
was used for c04-NCA (Figure S7, Table S1). For c01-NCA and c02-
NCA, it is possible that contributions associated with R; and R. are
superimposed in the first semicircle. However, as these contribu-
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Figure 6. Electrochemical impedance spectra of cells containing c01-NCA, c02-NCA, and c04-NCA at 4.3 V after the formation protocol: full spectra (a) and

magnified view of the high-frequency regime (b).
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tions cannot be separated by the eye, they were fitted with a
single element.

As expected, the ohmic resistance (R,) is similar for all three
cell types. However, the surface film impedance is much higher for
the low coating variant (c01-NCA) as compared to the medium
coating amount (c02-NCA) and is lowest for the high coating
amount (c04-NCA). This result may suggest that as the amount of
coating increases, the active material particles are better protected
during aqueous electrode processing, and that negative effects of
water contact such as delithiation, degradation of the active
material structure, as well as the deposition of surface species are
partially suppressed. In contrast, R, is lowest for cO1-NCA, slightly
higher for c02-NCA, and much higher for c04-NCA. According to
literature, a thick or overly-dense coating of a material with poor
electronic  conductivity can increase the charge-transfer
resistance.*>*¥ Keeping in mind that lithium phosphate can also
be used as a solid electrolyte®” because of its low electronic
conductivity, this implies that for a Li;PO, coating a compromise
between a reduction of the surface film resistance R; and an
increased charge transfer resistance R, has to be made, which
seems to be the case with the medium coating amount (c02-
NCA).

The cycling results of the various cells at 25 °C with an initial
cycle at C/10 followed by 49 cycles at a rate of 1C in the
voltage range of 3.0-4.3 V are shown in Figure 7 and Figure S8.
Not surprisingly, the cells containing the pristine NCA still do
not deliver any capacity (Figure S8). At first glance, the electro-
chemical performance of the cells with coated NCA differ only
marginally, and all show relatively stable cycling. The discharge
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capacities at 1 C are in the range of 145-165 mAhg™' during
the whole cycling procedure.

The cells with c02-NCA have a slightly higher discharge
capacity than the other three coated NCA materials. The
corresponding voltage profiles can be found in Figure 7a—d.
The cell polarization is lowest for the cells with the coated
materials c02-NCA followed by c03-NCA, c04-NCA, and c01-
NCA, and increases with increasing cycle number. Moreover, the
length of the CV-step, and thus the capacity delivered during
the CV step, is the highest for the cells with cO1-NCA.
Specifically, the constant-voltage phase delivers approximately
17% and 24% of the capacity in the first and last 1 C cycle,
respectively. In comparison, the capacity delivered in the CV
step for the materials with a higher coating content is 4%/8 %,
6%/13%, and 7%/15% for the first/last 1 C cycles of c02-NCA,
c03-NCA, and c04-NCA, respectively. These results are consis-
tent with those of Jung et al., who reported that the capacity
obtained in the CV step was significantly higher in cells with
NMC811 aged under ambient conditions as compared to cells
with fresh NMC811.5

The impedance was also compared for the same materials
as above after cycling (Figure 8). Unlike the results after the
formation cycles, a clear semicircle for R« is now also visible for
c02-NCA. R; after cycling increased by approximately the same
factor for all cells, and the trend is the same as after formation
(c04-NCA < c02-NCA < c01-NCA; Table S2). In contrast, R, signifi-
cantly increases for c01-NCA over cycling by a factor of
approx. 4, but it only slightly increases for c02-NCA and c04-
NCA. According to the literature, a smaller increase for R is
consistent with reduced side reactions during cycling.*® The
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Figure 7. Voltage profiles of a representative cell of c01-NCA (a), c02-NCA (b), c03-NCA (c), and c04-NCA (d) during cycling.
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Figure 8. Comparison of electrochemical impedance spectra (a) of cells containing c01-NCA, c02-NCA, and c04-NCA at 4.3 V after formation and after cycling.

The high-frequency region is magnified in the inset for each material.

origin for reduced side reactions may be explained by the
following considerations. The coated materials c02-NCA and
c04-NCA seem to be better protected against water exposure
and therefore the deposition of surface species. These surface
species may react with ethylene carbonate (EC)-containing
electrolytes during cycling and lead to increased resistances.*!
Furthermore, an optimized coating layer might act as a barrier
between NCA and the electrolyte, which may hinder electrolyte
decomposition. This aging mechanism is known to be one of
the major issues for Ni-rich layered cathode materials that leads
to increased cell degradation.””*® This benefit has been already
reported by different authors for a Li;PO, coating used in
combination with NMP-based electrode processing.?**** |t
should be noted that R, remains the highest for c04-NCA even
after cycling, which, as mentioned before, is mainly attributed
to the low electronic conductivity of the coating. It seems that
to achieve the best electrochemical performance, c02-NCA is
the coating amount of choice, at least from those tested, as
reflected by the lowest overall impedance both after formation
and after cycling.

Finally, the cell performance of the optimized water-based
electrodes with c02-NCA was compared to that of cells
containing conventional NMP/polyvinylidene fluoride (PVDF)-
based electrodes with pristine NCA and c02-NCA. The data of
the cells with NMP-electrodes with pristine NCA was previously
published by these authors."™ The formation results for the cells
with the conventional electrodes are shown in Figures S9 and
$10. During cycling (Figure 9a,b), the cells with NMP-processed
electrodes containing pristine NCA deliver an average specific
discharge capacity of 192.8 mAhg ™" in the initial C/10 cycle and
174.0 mAhg™" in the first 1 C cycle. These values are slightly
higher than for the cells with NMP-based electrodes containing
c02-NCA (188.2 mAhg™" at C/10 and 167.2 mAhg™ at 1Q). In
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addition, the associated voltage profiles show an increased cell
polarization for the NMP-based c02-NCA variant (Figure 9b).
This might be explained by the presence of the coating that
was optimized for an aqueous electrode manufacturing process
rather than for an NMP/PVDF-based one. The latter does not
require the protection of particles against water exposure and
will likely also result in different cathode particle/binder
interactions [PVDF vs. sodium carboxymethyl cellulose
(CMQ)1."" Therefore, higher capacity values and lower cell
polarization might be obtained by optimizing the coating
amount for an NMP/PVDF based process, which is beyond the
scope of this work. Compared to the NMP/PVDF variants, the
capacity values of the cells with aqueous-processed c02-NCA
electrodes are between 5-10 mAhg™' lower (183.0 mAhg™' at
C/10 and 164.8 mAhg™" at 1 C). However, the capacity retention
of these cells at 1 C is 94.8% and therefore slightly higher than
the NMP-based variant with pristine NCA (94.5 %). The cells with
NMP-processed electrodes containing c02-NCA have an even
higher capacity retention of 96.2%. These trends suggest that
the Li;PO, coating may provide additional protection against
side reactions during cycling as it was reported in previous
literature.?***' Another plausible interpretation for these differ-
ences is that for the cells with higher capacity values, where
more lithium ions were extracted from the NCA structure (i.e., a
higher state of charge), this can lead to enhanced degradation
of the NCA particles and result in a more rapid deterioration of
the cell performance.”’®? Although there are different mecha-
nisms to explain the differences in the capacity retention, the
aqueous processing certainly plays a role in slightly lower
retention of the cells with the aqueous-processed electrodes as
compared to these with NMP-processed coated NCA. The
coating amount with c02-NCA is a compromise, as described
above. Therefore, the formation of a small amount of water-
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Figure 9. Cycle performance of aqueous- and NMP-processed cathodes (a) and corresponding voltage profiles of a representative cell of each combination (b).
The aqueous-processed cathodes contain c02-NCA, while the conventional cathodes contain pristine NCA and c02-NCA, respectively. The data in (a) represent
the average specific discharge capacity of three cells, and the error bars relate to the standard deviation between these cells.

induced surface species likely occurs even here, which may also
contribute to additional side reactions.™™ Furthermore, an
impact of the different binder properties of PVDF and CMC
should be considered."*" More studies are needed to clarify
this point in detail.

Currently, the electrochemical performance of full cells
containing optimized water-based NCA electrodes is under
investigation to demonstrate long-term cycling stability, and an
upscaling process for the coating procedure is developed.

Conclusions

By a simple precipitation reaction, LiNiCoAIO, (NCA) particles
were coated with different amounts of lithium phosphate. The
use of the coated NCA in aqueous electrode processing reduced
the alkalinity of the slurry and thus the lithium leaching in
water could be at least partially suppressed. In electrochemical
testing, all cells with coated NCA showed good electrochemical
performance. The results suggest that the coating amount is
crucial to optimize the cell performance. A low coating amount
leads to relatively poor protection of the NCA during aqueous
processing. As a result, more pronounced structural damage
and/or deposition of surface impurities occur, which is reflected
by a high initial overvoltage in the first charge and an increased
surface film impedance. In contrast, a lithium phosphate coat-
ing amount that is too high provides better protection against
water but leads to increased electronic resistance. Therefore, a
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compromise has to be made between protection against water
and sufficient electronic conductivity through the particle
surface.

The best-performing cells containing aqueous-processed
electrodes were compared with cells with N-methyl-2-pyrroli-
done (NMP)-based electrodes. Although the NMP cells have
slightly higher discharge capacities, the water-based variant can
compete in terms of cycle life. Although further studies are
needed, this work demonstrates that applying protective
surface coatings on NCA particles can be a feasible way towards
a successful implementation of an aqueous-based electrode
processing for this water-sensitive material.

Experimental Section

Li;PO, coating

Commercial LiNiggC0g15Al50s0, (TODA, NAT-1050) was used as
received. For the Li;PO, coating, the appropriate amount of lithium
acetate dihydrate (Sigma Aldrich, 98%) was dissolved in ethanol
(20 g). NCA (10 g) was added and the suspension was homogenized
for 10 min at room temperature. Dropwise, a solution consisting of
phosphoric acid (Merck, 85 wt% in water) in 5 g ethanol was added
within 15 min under vigorous stirring. The molar ratio between
lithium acetate dihydrate and phosphoric acid was controlled to be
3:1. Next, the suspension was dried under reduced pressure, and
the powder was annealed at 300°C for 5 h in ambient atmosphere
(heating rate: 5°Cmin~") to remove residual organic compounds.
To evaluate the effect of the coating, four different samples with

© 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH
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9
0.0125 mmolg™'!, 0.025mmolg™', and 0.05mmolg™") were pre-
pared assuming that all precursors were totally converted to Li;PO,
after the coating process. The surface modified NCA-particles are
referred to by increasing coating amount as c01-NCA, c02-NCA,
c03-NCA, and c04-NCA, respectively.

Electrode processing

CMC (Sigma-Aldrich, mass average molar mass ~250000 gmol '
with a degree of substitution of 0.9) and Super C65 (Imerys) were
used as binder and conductive carbon, respectively. Slurries
consisting of 92 wt% active material, 4 wt% CMC, and 4 wt % Super
C65 in deionized water were prepared by the following steps: CMC
was dissolved in deionized water using a laboratory shaker. After
the addition of either the pristine or the coated NCA and Super
C65, the mixture was homogenized by a speedmixer. Using the
doctor-blade technique, the slurries were coated onto aluminum
foil and then pre-dried at 80°C for 30 min. The resulting electrode
sheets were calandered (50% of initial electrode thickness), and
disc electrodes with an area of 2.01 cm? were punched out (mass
loading: 1141 mgcm?). To remove residual moisture, the disc
electrodes were dried under vacuum at 110°C for 10 h.

To prepare NMP-based electrodes, PVDF (Solvay, Solef® 5130) was
dissolved in NMP (Sigma-Aldrich) overnight. Then, the active
material and conductive carbon (Imerys, Super C65) were added,
and the mixture was homogenized in a speedmixer. The ratio of
active material/conductive carbon/binder was kept the same as for
the aqueous route. After casting the slurries on aluminum foil, the
electrodes were stored in a fume hood overnight and pre-dried
under vacuum (80°C, 2h). The dried electrode sheets were
calendered to 50% of initial electrode thickness. Disc electrodes
(16 mm in diameter) with a mass loading of 1141 mgcm 2 were
punched out and dried under vacuum at 80°C for 5 h.

Cell assembly and electrochemical measurements

Pouch cells with the NCA electrodes, lithium metal (Sigma-Aldrich)
on a copper substrate as counter electrode, a polyethylene
separator (Celgard 2500) and 1 molL™" LiPF in EC/DMC (dimethyl
carbonate) 1:1 w/w (LP30, BASF) as electrolyte were assembled in
an argon filled glovebox (MBraun). To contact the electrodes,
aluminum tabs (Targray) and copper-nickel tabs (Targray) were
used for the cathode and anode, respectively. To ensure data
reliability three cells were prepared for each variant.

Charge/discharge tests were conducted on an electrochemical
workstation (Maccor, Series 4000) in the voltage range of 3.0 to
4.3V at 25°C (climate chamber, Memmert). The cells were activated
with a formation protocol consisting of five cycles at C/10
(20 mAg "), whereby charge and discharge were done in constant-
current mode (CC). The capacity of the 5th formation cycle was
used to calculate the current for the cycling test, which consisted of
one cycle at C/10 and 49 cycles at 1 C. Here, the charge was done
with a constant-current constant-voltage (CCCV) process and
discharge was carried out in the CC-mode. The CV-step was
terminated at a current of C/20. Due to the low coating amount,
the coated NCA particles were treated as pure active material for
the specific capacity calculations. This may artificially reduce the
actual specific capacity of the active material. Cyclic voltammetry
tests and electrochemical impedance spectroscopy (EIS) were
conducted on a VMP300 galvanostat/potentiostat (BioLogic).
Impedance spectra were obtained by the perturbation of the cells
with an AC voltage (amplitude: 5 mV) over the frequency range of
1 MHz to 10 mHz. Cyclic voltammograms were recorded between
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chamber, Memmert). For these measurements a lithium reference
electrode was added to the cell setup described above.

Characterization methods

The crystal structures of the active material powders were analyzed
by XRD (CuK,: 4=0.1540598 nm; PANalytical Empyrean series 2) in
the 260-range 10-80° (step size: 0.003°, aperture: 10 mm). ATR-FTIR
analysis was performed using an Alpha Il (Bruker) spectrometer
with germanium crystal in the range of 700-4000 cm™". All spectra
were recorded with 64 scans and a resolution of 2 cm . The spectra
were normalized to the largest peak. To measure the pH values a
pH meter (pH 315i, WTW) equipped with a SenTix°H electrode
(WTW) was used. The pristine or coated NCA was added to distilled
water (mass ratio NCA/water=1:3) and the pH evolution with
continuous stirring by a magnetic stirrer (750 rpm) was monitored
for 2 h. The surface morphology and elemental distribution was
investigated by SEM (ZEISS Ultra 55, Carl Zeiss Microscopy GmbH)
coupled with EDS.
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Figure S4 Photographs and SEM images of the top view of calandered aqueous-processed electrodes with c01-NCA (a, b),
c02-NCA (c, d) and c03-NCA (e, f).
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Figure S5 Photographs of uncalandered and calandared aqueous-processed electrodes with different mass loadings
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Table S1 Fitting results of EIS for cells containing c01-NCA, c02-NCA and c04-NCA after formation.

WILEY-VCH

cell Rs[Q] [%] R [Q] [%] R-[Q] [%] Ret [Q] [%] fit model
c01-NCA 0.76 +0.80 33.11 +0.21 - - 16.94 +1.27 model 1
c02-NCA 0.93 +1.98 6.08 +0.91 - - 21.44 +1.87 model 1
c04-NCA 0.64 +2.85 1.54 +3.26 2.29 +1.98 67.27 +0.35 model 2
Table S2 Fitting results of EIS for cells containing c01-NCA, c02-NCA and c04-NCA after cycling.
cell Rs[Q] [%] Rf[Q] [%] R-[Q] [%] Rt [Q] [%] fit model
c01-NCA 2.01 +0.88 48.05 +0.33 - - 66.92 +2.52 model 1
c02-NCA 1.53 +0.38 5.85 +0.54 4.44 +0.92 28.00 +0.33 model 2
c04-NCA 1.52 +0.69 3.24 +0.95 4.14 +0.84 86.82 +0.47 model 2
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Switching from a N-Methyl-2-pyrrolidone (NMP)-based cathode
electrode manufacturing process to a water-based process is attrac-
tive given the prospect of lower costs and lower environmental
impact."? Moreover, as reported by various authors, aqueous
cathode processing can also contribute to better electrochemical
performance.”™® The superior performance of cells made with
aqueous-processed electrodes, compared to their NMP-counterparts,
is mostly dttributed to beneficial effects associated with the binder
properties.” However, for water-sensitive cathode materials such
as nickel-rich layered oxides, these positive effects are negated
by detrimental effects such as extreme metal leaching and the
formation of water-induced surface species.””'' One cathode mate-
rial belonging to this material class is Li(Ni,Co,Al)O, (NCA), which
is an Al- and Co-substituted derivative of LiNiO, and can deliver
high energy density.'? Due to the extremely high water-sensitivity of
NCA, the surface protection of this cathode material seems to be
important for a successful implementation of a water-based electrode
manufacturing process.” Numerous materials such as metal oxides,
carbon, phosphates, carbonates, fluorinated compounds and organic
polymers have been applied as a coating on the surface of NCA
particles so far.'*~'> However, most of these coated NCA particles
were only tested in the combination with a NMP-based electrode
fabrication process. To date, the coating materials L12C03,]4’]6
TiO,,'”'® a combination of both'’ and polyacrylic acid (PAA)>
were investigated in an aqueous NCA electrode manufacturing
process that all resulted in an improved electrochemical perfor-
mance. In addition, this list was extended recently by the authors of
this work, who reported the ability of a lithium phosphate coating to
protect NCA against water.”' It was demonstrated that the coating
amount is crucial to achieve good electrochemical results and a
compromise has to be made between sufficient protection against
water and a low charge transfer resistance. An optimized coating
amount led to a performance comparable to cells with NMP-based
electrodes.

The coating of particles via a spray dr;ing process enables a
continuous process on an industrial scale.”*>* This technique has
already been used on the cathode side to produce CuO-coated
Li; 5Mng 54C0g 13Nig 1305,>*  Sr- doped LaMnOs-coated LiNio, SCOOI
Mn0|027 and Li[Mn,_,_Co,Li,]O4-coated L1(L10(mMn,%7)O4
Herein, the lab scale coating process, previously reported,” is
transferred to a spray drying process and the performance of half cells
containing aqueous processed electrodes with spray dried material is
compared to that of cells containing lab scale material. Furthermore,
thermogravimetric analysis coupled with mass spectrometry (TG-MS)

“E-mail: guinevere.giffin@isc.fraunhofer.de

is used to evaluate the ability of the coating to reduce the formation of
water-induced surface species, which have been shown to have a
detrimental effect on the electrochemical performance.” The benefit of
the lithium phosphate coating is further demonstrated through testing in
lithium-ion full cells. The verification of the long-term cycling is a
critical step as the lithium reservoir present in half cells, i.e. lithium
metal counter electrode, might compensate a lithium deficit that
resulted from lithium leaching during aqueous processing.

Experimental

Li3POy coating via spray drying.—Pristine LiNijgCoq 15Al0,0502
(NCA, NAT-1050, TODA) was used as received. For the lithium
phosphate coating, a solution consisting of 25.3 ul phosphoric acid
(Merck, 85wt% in water) in 65g ethanol was prepared (A).
Simultaneously, 114.8 mg lithium acetate dihydrate (Sigma Aldrich,
98%) were dissolved in 60 g ethanol and afterwards 30 g NCA were
added (B). Both, the solution A and suspension B were stirred
vigorously during the whole coating process. The molar ratio between
lithium acetate dihydrate and phosphoric acid was fixed at 3:1,
resulting in a coating amount of 0.0125 mmol Li;PO, per gram
NCA. Slight differences in the volume of solution A and suspension B
were balanced by addition of ethanol. A and B were then transferred
separately via two pumps (Ismatec) to a static mixer. Directly
afterwards, the mixture of A and B was spray-dried with a mini
spraydryer (Biichi, B-290). The inlet air temperature was chosen to be
120 °C and the outlet temperature 75 °C-85 °C. After spray-drying,
the powder was annealed at 300 °C for 5h in ambient atmosphere
(heating rate: 5K min~') to remove moisture and residual organic
compounds. This coated NCA is denoted as sd-NCA. The laboratory
scale lithium phosphate-coated NCA with the same coating amount, as
was previously published, is used as a reference and is labelled as
1s-NCA.”'

Electrode processing and cell assembly.—The water-based
cathode sheets were fabricated with 92 wt% sd-NCA, 4 wt% sodium
carboxymethyl cellulose (CMC, Sigma-Aldrich, degree of substitu-
tion 0.9, average Mw ~250,000) and 4 wt% conductive carbon
(Imerys, Super C65). First, CMC was dissolved in deionized water
overnight using a laboratory shaker (Heidolph, Vibramax 100). After
addition of sd-NCA and conductive carbon, the slurry was homo-
genized several times over a period of one hour with a speedmixer
(Hauschild GmbH & Co KG, DAC 400.1). The slurry was casted on
aluminum foil (Korff, 20 gm thickness) by the doctor blade
technique and the resulting electrodes were pre-dried at 80 °C for
30 min. The time between the addition of sd-NCA to the aqueous
CMC solution and the end of the pre-drying step was two hours and
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approximately reflects the total time in which sd-NCA was in contact
with water during this electrode manufacturing process. This time
was used for the preparation of water-exposed sd-NCA (see
Preparation of water-exposed sd-NCA). After the pre-drying step,
the electrode sheets were calendered to 50% of their initial thickness
and disc electrodes with 16 mm in diameter (2.01 cm?, electrode
density: ~ 1.7 gcm >, active mass loading: 11 + 1.0 mg cm™2) were
punched out. The area capacity loading of these cathodes was
calculated to approx. 2.0 mAh cm ™ > by using the average practical
capacity (~ 182 mAh g~ ") obtained in the last formation step of the
half cell tests. The disc electrodes were further dried at 110 °C under
vacuum for 10 h to ensure the removal of residual moisture. To study
the effect of an extended slurry fabrication duration (i.e. increased
water exposure time) on the cell performance, further electrode discs
were prepared (2.01 cm?, electrode density: ~ 1.7 gcm ™, active
mass loading: 12 + 1.0mgcm %) by applying the same slurry
preparation protocol, except that the slurry was stored for additional
two hours before the final mixing step. This procedure resulted in an
extended (ext.) total time of approximately four hours of water-
exposure. Half cells and full cells were prepared in a single-layer
pouch bag configuration (pouch dimension: 56 mm x 83 mm) with
metallic lithium (Sigma Aldrich, 20 mm x 20 mm) on a copper
substrate or graphite anode discs (2.2 mAh cm 2, 17mm in
diameter, Custom Cells Itzehoe GmbH), respectively. Copper-nickel
tabs and aluminum tabs were used to connect the anode and cathode,
respectively. The cells were assembled in an argon-filled glove box
(MBraun, H,O and O, < | ppm) using a single layer 25 pum
microporous monolayer polypropylene membrane (Celgard, 2500)
as separator. For the half cells, 1 mol 1~ LiPFg in ethylene carbonate
(EC):dimethylene carbonate (DMC) 1:1 wt/wt (BASF, LP30) was
added as electrolyte before sealing. For the full cells 1 mol 1~ LiPFg
in EC:DMC 1:1 v/v + 2 wt% vinylene carbonate (Solvionic, 180 xl)
was used. After assembling the cells, they were placed between two
plates and fixed with clamps to apply a low undefined pressure to
guarantee a good contact between tabs and electrodes. For all half
cell and full cell tests, a minimum of three cells were built.

Electrochemical measurements.—The half cells and full cells
were cycled at 25 °C in the voltage range 3.0-4.3 V and 2.7-4.2 'V,
respectively. Prior to cycling, the cells were allowed to rest for 12 h
(half cells) and 16h (full cells) at 25 °C to ensure complete
electrolyte wetting. The cells were charged and discharged for
five cycles (formation protocol). Both charge and discharge
were performed in the constant current (CC) mode (current:
20.0mA g ). The discharge capacity of the 5th formation cycle
was used to calculate the current for the CC mode step in the long-
term cycling test. The cycling protocol consisted of one cycle at
C/10, followed by cycling at 1C. The charge step was performed in
constant current (CC)-constant voltage (CV) mode (CV current
limitation: C/20), whereas the discharge was done in constant
current mode. The cycling of the half cells was ended after 50
cycles, while the full cells were cycled for 1000 cycles. For the
calculation of the specific capacity, the sd-NCA particles were
treated as pure active material due to the low amount of coating. As
such, the actual specific capacity of the core material is artificially
reduced.

Preparation of water-exposed sd-NCA.—The sd-NCA and
deionized water were added to a polypropylene bottle in a mass
ratio of 1:3 (sd-NCA:water). The suspension was continuously
stirred for 2 h. After subsequent filtration, the resultant NCA powder
was dried at 110 °C for 16 h. This NCA powder was denoted as sd-
NCA-2h.

Characterization methods.—Scanning electron microscopy
(SEM) was performed at 1 kV with an inlens detector on a high-
resolution ZEISS Ultra 55 scanning electron microscope (Carl Zeiss
Microscopy GmbH). Transmission electron microscopy (TEM) was
performed on a JEM-2011 microscope (Jeol LTd., Japan) equipped

with an energy-dispersive X-ray spectroscopy (EDS) detector
(Ametek/EDAX, USA). Prior to the measurement, the powder was
embedded in a resin and a cross-section of sd-NCA particles was
prepared with a Ar-ion beam milling technique using the Cryo Ion
Slicer instrument IB-09060CIS (Jeol LTd., Japan). TG-MS analysis
was conducted in argon on a Netzsch STA 449C Jupiter® in the
temperature range 33 °C—1125 °C (heating rate: 10 Kmin ")
coupled with a Netzsch QMS 403C Aéolos® in the m/z range from
10 to 200. Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR) was performed on an Alpha (Bruker)
spectrometer equipped with germanium crystal in the wavenumber
range 700-4000 cm ! with 64 scans and a resolution of 2 cm ™.

Results and Discussion

The amount of coating was chosen to be 0.0125 mmol Li;PO, per
gram NCA, which on the lab scale was shown to deliver the best
electrochemical performance in a previous report.”’ The morphology
of the sd-NCA particles was investigated by scanning electron
microscopy (Figs. 1a, 1b). After the coating process, the raspberry-
like secondary particles remain separated, confirming that the
formation of larger agglomerates was avoided by the selection of
suitable process parameters (Fig. 1a). SEM images of the uncoated
NCA particles can be found in the literature.””' The magnified
images do not show accumulation of the coating material on the
particle surface indicating a rather homogenously-distributed coating
(Fig. 1b). TEM/EDS analysis was conducted on the cross-section
of sd-NCA particles to confirm the formation of the phosphate
coating layer. As expected, signals of nickel, cobalt and aluminum
can be detected in the EDS spectrum of the sd-NCA bulk (Fig. lc,
Pos. 2). An additional phosphorus signal can be recognized in the
EDS spectra recorded at the surface of sd-NCA (Pos. 1 and Pos. 3),
which confirms the successful coating. While the phosphorus
signal intensity at Pos. 1 is very intense, it is relatively weak at
Pos. 3 and indicates some variation in the coating thickness. TEM
images at Pos. 1 and Pos. 3 with a higher magnification were made
to determine the range of the coating thickness (Fig. S1 available
online at stacks.iop.org/JES/168/060511/mmedia). Even at Pos. 1
(intense phosphorus signal in the EDS spectrum), the coating
thickness is less than 10 nm and demonstrates that the coating is
very thin. Not only phosphorus, but also sulfur can be found on the
surface of sd-NCA. Sulfur-containing species have been already
detected on the surface of the pristine NCA by X-ray photoelectron
spectroscopy in previous reports.”’ These have been proposed to be
residues from the NCA synthesis process.’

The infrared spectrum of the sd-NCA particles provides further
evidence of the presence of the phosphate coating (Fig. S2). Two
peaks at around 1028 cm ™' and 1112 cm ™' can be detected, which
can be assigned to the asymmetric P-O stretching vibrations of
PO43’ ions.”®?? Peaks around 866 cm’l, 1428 cm ™' and 1483 cm™!
can also be detected, which have been already observed on the
pristine material.”' These peaks can be assigned to the CO-bending,
symmetric CO-stretching and asymmetric CO-stretching vibrations,
respectively, and mi§ht belong to residual lithium carbonate species
from synthesis.”*'+?

For the electrochemical analysis, half cells with aqueous-pro-
cessed cathode electrodes containing sd-NCA and a lithium metal
anode were built in a pouch-cell configuration. For comparison, the
data of cells with NCA coated with lithium phosphate via the lab
scale route (Is-NCA, 0.0125 mmol LizPO, per gram NCA) from the
previous report are included as a reference. 21 A visual comparison
of the two different coating processes (lab scale vs spray drying
process) is shown in Fig. 2. The detailed experimental conditions for
the lab scale process can be found in the literature.”'

The results from the formation protocol are depicted in Fig. 3.
The cells with sd-NCA and 1s-NCA deliver identical average
discharge capacity and Coulombic efficiency values of 181.7 +
0.2 mAh g '/99.6 + 0.1% and 181.6 + 0.4 mAh g '/99.6 + 0.1% in
the last formation cycle, respectively (Figs. 3a, 3b). Interestingly, the
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Figure 1. SEM images of sd-NCA with different magnifications (a), (b) and TEM/EDS analysis at the cross-section of sd-NCA.

height of the initial overvoltage in the first charge cycle is slightly
lower for the cell with sd-NCA than that with the 1s-NCA variant
(Fig. 3c). The initial overvoltage has proven to be an indicator of the
amount of surface species formed during water exposure.” Thus, the
lower value suggests a slightly lower amount of water-induced
surface species and therefore improved protection against water for
sd-NCA. This effect might be related to a more defined precipitation
of the coating on the NCA surface enabled by the automated spray
drying process as compared to the manually-performed dropping
funnel technique (lab scale process). In addition, no solvent
evaporation step is necessary with spray drying, which accelerates
the process and decreases the time in which the cathode particles are
in contact with air. With respect to the latter aspect, it is well known
that air-contact of pristine Ni-rich cathode materials leads to damage
of the active material that is more pronounced for prolonged
exposure duration.”’ For instance, preparing the small amount of
10 g of coated NCA via the lab scale process takes about 15 min for
the dropping funnel process plus additional 30 min to evaporate the
solvent. This time will further increase for a bigger batch size. In
contrast, coating 10 g of NCA with the spray drying process takes
less than 5 min and the process velocity is not influenced when the
batch size is increased. In the second cycle, no further significant
differences in the voltage profiles can be seen (Fig. 3d). While the
initial Coulombic efficiency (ICE) is 84.7 + 0.1% for the cells with
sd-NCA, it is higher for those with 1s-NCA (85.2 + 0.1%). This
result might be correlated with at least some differences in the
surface properties of sd-NCA and 1s-NCA as was already indicated
by the differing initial overvoltage. In literature, a low ICE has
mostly been assigned to irreversible reactions such as the decom-
position of the electrolyte and the simultaneous formation of the
solid electrolyte interphase (SEI) and cathode electrolyte interphase
(CEI), respectively.”” However, in recent years it has been demon-
strated that the ICE is also affected by kinetic limitations during the
discharge process. For instance, Kasnatscheew et al. were able to

increase the ICE of NCM/graphite cells from 83.7% to 90.4% by
applying a constant voltage step during the first discharge cycle.‘%3

To examine the cycling performance, a program consisting of an
initial C/10 cycle followed by 49 cycles at 1C rate in the voltage
range 3.0-4.3 V was chosen. As with the results obtained during
formation, both cell variants deliver essentially the same average
discharge capacities of 183.2 = 0.4 mAh g~ '/164.8 + 0.7 mAh g~
(sd—NCA) and 183.0 + 0.5 mAh g '/ 1648 + 0.8 mAh g '
(Is-NCA) in the initial C/10 cycle and first 1C cycle, respectively
(Fig. 4a). The same applies for the average capacity retention after
50 cycles, which is 95.3 + 0.4% and 94.8% + 1.1% for the cells with
sd-NCA and Is-NCA, respectively. As expected, the associated
voltage profiles in the 2™ and 50th cycle are also nearly identical
(Fig. 4b). Based on these results, the spray-drying process provides a
simple and scalable process for coating NCA with lithium phosphate
that results in very comparable electrochemical performance to the
cells with lab-scale coated NCA at least during the cycling test
conducted here.

To investigate the impact of an extended electrode fabrication
duration (i.e. increased water exposure time) on the cell performance
and as such the protection potential of the sd-NCA coating, further
cathodes (ext.) were fabricated. With those electrodes, half cells
were built and tested analogously to the cells presented above. The
results are included in Figs. 3 and 4. It is striking that the average
discharge capacity of these cells is about 4 mAh g~ ' lower during
the whole formation protocol compared to this of the cells with sd-
NCA and the conventional electrodes (last formation cycle: 177.7 +
0.3 mAh g~ ' vs 181.7 + 0.2 mAh g~ '). While the ICE of both cell
variants is comparable (ICE: 84.4 + 0.5% vs 84.7 £ 0.1%), the
Coulombic efficiency in the last formation cycle is at least slightly
lower for the cells containing the cathodes that were processed with
the extended fabrication protocol (98.4 = 0.9% vs 99.6 + 0.1%).
These results together with the slightly increased initial overvoltage
in the first charge cycle indicate that the coating of sd-NCA cannot
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Figure 2. Illustration of the lithium phosphate coating process via the lab scale’' (a) and spray drying (b) route.

completely prevent a continuous water-induced degradation of NCA.
However, the influence of the prolonged slurry fabrication process
used herein on the cell performance is rather low and more or less
comparable results are still obtained during cycling. An interesting
point for further studies would be now the investigation of the
impact of a switch from the speedmixer process used herein to an
industrial mixing process.

For a more in depth investigation of the protection potential of
the coating of sd-NCA, a water exposure experiment was conducted.
A water exposure time of two hours was chosen since this reflects
approximately the time where the NCA material is in contact with
water during the conventional aqueous electrode manufacturing
process used herein. TG-MS analysis was conducted on the water
exposed sd-NCA particles that are denoted as sd-NCA-2h. The
results are depicted in Fig. 5. For better clarification, the results were
divided into three temperature regions (region I: 33 °C-125 °C,
region II: 125 °C-525 °C, region III: 525 °C-1125 °C). The results
obtained for pristine NCA particles exposed to water for the same
period of time (NCA-2 h) are shown for comparison purposes.” The
mass signals m/z = 18, m/z = 32 and m/z = 44 were assigned in
accordance with grevious literature to H,O, O, and CO,,
respectively.”'*33> Ag expected, for both materials, no mass loss
can be detected in region I as the samples were dried prior to the TG-
MS measurement at 110 °C. The largest mass loss can be determined
in region IIT (both samples: onset temperature of ~ 700 °C and mass
loss of 5.5%). This loss of weight is accompanied by the release of
0,, indicating the thermal decomposition of the NCA structure.’
Water-induced surface species such as chemically adsorbed CO,,
basic nickel carbonate and NiOOH-like compounds, which may
form on NCA particles during aqueous processing, have been shown
to decompose between 125 °C—=525 °C.” While the mass loss for
NCA-2h in this temperature range is 1.1%, it is only 0.6% for sd-
NCA-2 h. Simultaneously, the intensity of the mass signals of CO,,
H,0 and O, from sd-NCA-2 h in region II is significantly weaker
than those arising from NCA-2 h. A detailed assignment of the mass
signals to water-induced surface species can be found in previous
literature.”

As the mass loss has been reduced by about one half, the results
support the reduction of water-induced species for sd-NCA-2h and
thus underline the protective function of the coating against water. It
is obvious that the formation of the surface species was not
completely suppressed, but only reduced. This is likely related to
the coating amount that was optimized in the previous report at the
lab-scale to deliver the best electrochemical cell performance rather
than best protection ability.”' Although a higher amount of LizPO,
coating may more effectively reduce the water-induced species, it
will have a negative effect on the cell performance by increasing the
charge transfer resistance.”’

To exclude effects attributed to the large lithium reservoir in a
half cell configuration that compensates lithium deficits and artifi-
cially prolongs the cycle life, the water-based cathode electrodes
containing sd-NCA were evaluated in a full cell configuration with
graphite anode electrodes. The ICE of the full cells (Fig. S3a) is 79.3
+3.9% and therefore lower as compared to that of the associated half
cells (84.7 £ 0.1%). The ICE of full cells is of particular interest as
the lithium-inventory is fixed by the amount of cathode material and
electrolyte. The origin of the lower ICE might be at least partially
attributed to the different anodes (half cells: lithium metal, full cells:
graphite). Regarding this point previous literature has shown that the
ICE strongly depends on the type of anode material.”® Vinylene
carbonate was additionally present as additive in the electrolyte used
for the full cells to guarantee the formation of a stable SEI on the
graphite anode.”” The choice of additive also plays a role for
the ICE.*® Further data from the formation cycles can be found in
Fig. S3. Figure 6a depicts the mean discharge capacity of three full
cells over 1000 cycles. Here, in the first cycle (C/10), a mean
discharge capacity of 181.0 + 2.6 mAh g ' is obtained, which is
very close to the value of the half cells at C/10 (Fig. 4). This clearly
indicates that no lithium reservoir in form of a lithium metal anode is
necessary to achieve these high capacity values. Over 730 cycles are
possible before the generally accepted end-of-life (EoL) criteria of
80% initial capacity is reached (80.0 = 4.9%) and after 1000 cycles
the capacity retention is still 71.7 + 8.7%. In accordance with these
results, the associated mean discharge voltage (calculated using the
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Figure 3. Results of the formation cycles of cells with aqueous-processed electrodes containing 1s-NCA and sd-NCA, respectively, as well as of cells containing
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an extended electrode manufacturing process (ext.): Coulombic efficiency and discharge capacity over cycle number (a) and voltage profiles of a representative
cell of each variant in the 2nd, 20th and 50th cycle (lighter color corresponds to a higher cycle number). The data in (a) represent the average specific discharge
capacity of three cells and the error bars relate to the standard deviation between these cells. The data for 1s-NCA is taken from Ref. 21.

99.7% (except in the second cycle due to the change of the C-Rate)
indicating that only minor side reactions occur (Fig. 6¢). Selected
voltage profiles of a representative cell are depicted in Fig. 6d. Upon

formula Vigen. = [Vaiseh. dqaisen/[dqgisen.) decreases only moder-
ately in a relatively linear behavior with approx. 0.16 mV per cycle
(Fig. 6b). This is similar to the value of 0.12 mV/cycle, which was

reported for full cells containing graphite anodes and NMP-
processed NCMS811 cathodes and also resulted in a good capacity
retention of 77-80% after 1000 cycles (0.2C, 3.0 V-4.5 V).** During
the entire cycling test, the average Coulombic efficiency is above

cycling the cell polarization increases only moderately.

To put these results into context, an overview of the long-term
performance of full cells containing water-based electrodes with
layered oxide cathode materials, which have been published in
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Table I. Comparison of the long-term cycling performance of full cells containing an aqueous processed cathode with layered oxide cathode
material and a graphite anode, which were published in previous literature.

Active material capacity retention (capacity last cycle) cycles discharge C-Rate voltage range, temperature References
NCM111¥ ~84% (104.3 mAh g~ 1) 1000 1C 275V-42V, 41
~70% (85.4 mAh g ") 2000 20 °C
NCM111» 95.7% (~123 mAh g~ ') 311 1C 3.0V-42V, 42
20 °C
NCM111¢ ~88%" (~88 mAh g~'¥) 900 3C 3.0V-42V, 43
23 °C
NCM1119 ~90%" (~118 mAh g~ '¥) 500 1C 3.0V-42V, 44
20 °C
NCM111¢ ~99% (~17 Ah®) 500 1C 275V-4.1V, 45
25 °C
NCM523" ~81% (~115 mAh g™ ") 500 1C 3.0V42V, 46
not available
NCM5232 79.5% (not available) 886 C3 25V-42V, 47
30 °C
NCM523" ~76%" (~100 mAh g~ '¥) 1000" 1C 28 V42V, 48
~70%" (~92 mAh g~'®) 1425% not available
NCM811Y ~70% (~131 mAh g~ ') 1000 Cc/3 25V-42V, 8
30 °C
NCA” ~80% (~135 mAh g~ ) ~600" C/3 3.0V-42V, 20
30 °C
NCA 88.0% (143.2 mAh g~ 1) 500 1C 27V-42V, this work
80.0% (130.2 mAh g~ ) 737
71.7% (116.7 mAh g~ ') 1000 25 °C

a) TODA (active material supplier), CMC (binder-type), none (slurry additives). b) TODA, CMC, H;PO, (in situ Li;PO, coating). ¢c) BASF, CMC/fluorine
acrylic copolymer latex binder, none. d) not available, CMC/polyacrylic acid (PAA)/polyethylene oxide (PEO), LiOH. e) not available, CMC/acrylic based
latex binder, none. f) not available, CMC/PAA/PEO, LiOH. g) not available, CMC/latex binder, none. h) Umicore, CMC/latex binder, H;PO, (in situ LizPO,
coating). i) Targray, CMC/acrylic emulsion, none. j) TODA, CMC/PAA/fluorine acrylic hybrid latex binder, PAA (in situ PAA coating). k) The value was
calculated or determined from graphical data presented in the associated literature. This might lead to some variation from the actual value. 1) The long-term
cycling performance was predicted by Hawley et al.”” after measuring the cell performance for approx. 350 cycles at C/3.
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Figure 5. Thermogravimetric analysis of NCA-2 h and sd-NCA-2 h in the
temperature range 33 °C—1125 °C and associated mass signals m/z = 18,
m/z = 32 and m/z = 44 signals, which were assigned to H,O, O, and CO,,
respectively. The intensity of the CO, signal was multiplied by a factor of
1.5. The data for NCA-2h is taken from Ref. 9.

previous literature, is given in Table I. From a comparison of these
results, it is obvious that full cells with sd-NCA can compete with
the performance obtained for full cells with other layered oxide
materials. In particular, the high specific capacity even after long-
term cycling at 1C is promising. In comparison, full cells with
water-based NCM81 1-electrodes deliver slightly higher capacity
values after 1000 cycles, but these results were obtained at C/3.
Moreover, in a very recent report by Hawley et al. full cells
containing aqueous-processed NCA cathodes were prepared.”’
Based on the electrochemical data obtained during approximately
350 cycles, the authors predicted that these cells will reach the EoL
criterion after about 600 cycles. This is more than 100 cycles
earlier than for the cells reported here, although the cells of
Hawley et al. were cycled at a lower C-rate (C/3). Full cells with
aqueous processed NCM111- or NCM523-electrodes have (at least
partially) a comparable or better capacity retention, but deliver a
lower capacity. Furthermore, layered oxides with a lower fraction
of nickel are much less sensitive to water-exposure than NCA as
demonstrated in a previous report of the current authors.” Overall,
these results demonstrate that an aqueous electrode production
process - also for the extremely water-sensitive NCA - might be
successfully implemented by the selection of a suitable protective
particle coating.

Conclusions

A simple upscaling process for lithium phosphate-coated NCA
using a spray drying process has been successfully developed. Half
cells with aqueous-processed electrodes containing the coated NCA
show a comparable cell performance as cells containing NCA coated
via a lab scale process with a capacity retention of 95.3 + 0.4% and
94.8 = 1.1% after 1C cycling for 50 cycles, respectively. TG-MS
analyses demonstrate that the coated NCA particles show a
significantly reduced amount of detrimental water-induced surface
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Figure 6. Discharge capacity (a), mean discharge voltage (b) and Coulombic efficiency (c) over cycle number of full cells containing aqueous processed
electrodes with sd-NCA. The values represent the mean of three cells and the error bars correspond to the associated standard deviation (a)—(c). Voltage profiles
of a representative full cell in the 1st, 10th, 100th, 200th, 300th, 400th, 500th, 600th, 700th, 800th, 900th and 1000th cycle (b) (lighter color corresponds to a

higher cycle number).

species. The long-term cycling performance of full cells with the
lithium phosphate-coated NCA is competitive with the best results
published in the literature to date. The cells show excellent
performance with a capacity retention of 80.0 + 4.9% reached
only after 737 cycles at 1C and a remaining capacity of 130.2 +
8.1 mAh g~'. This work demonstrates that a protective coating on
NCA is a feasible solution to facilitate the successful implementation
of aqueous processing for this extremely water sensitive cathode
material. Focusing on the development of coating materials that can
provide excellent protection against water and simultaneously
beneficially impact the electrochemical performance seems to be a
key to enable a sustainable widespread electrode production for
nickel-rich layered oxide cathode materials in the future.
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Figure S1 TEM images with higher magnification at Pos. 1 (a) and Pos. 3 (b). The coating
thickness in (a) has been determined to be less than 10 nm. The coating thickness in (b) seems
to be extremely thin so that it cannot be clearly determined with the TEM equipment available.
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Figure S2 Infrared spectrum of NCA particles which were coated with lithium phosphate via
a spray drying process (sd-NCA).



a) . 100 & & & 5 b) 4.2
ui‘eoy
O 804 & 4.0
_E' 175+ //o o o - 3.8
< K]
£ 150- 20.0mAg ; 364
= o
2 125 S 344
& 100+ g
g 75 321
o
) ] 3.0
% 50 =0O==sd-NCA (full cell configuration)
£ 254 284
o 0 27-42V;25°C ) | | | | | | | |
) 1 2 3 4 5 0 25 50 75 100 125 150 175 200
cycle number capacity / mAh g™

Figure S3 Results of the formation cycles of cells with full cell configuration containing
aqueous processed electrodes with sd-NCA: discharge capacity and Coulombic efficiency over
cycle number (a) and voltage profiles of a representative cell of each combination (b). The data

in (a) represent the average specific discharge capacity of three cells and the error bars relate
to the standard deviation between these cells.



Appendixes

Appendixes

Il. Individual contributions to the manuscripts



%001 %.LE %L %L %6¥ sawwng
%S %V %\ BunyoipuayieA Jep uoleuIpIooy
%01 %8 %< Bunyoipuayis Jop Jnpjalioy
%S| %9 %6 BunyoipuayQIaA Jop USSSEHBA
%lE %el %< %91 Bunuaisuapieseyd ayosiwayooye|g
%01 %V %9 neq|iez pun Bunjisjsiayuspoipia|l

usuoisuadsng-|elisiewuspoyiey)
%¥e %S %C %€ %ob L Jabussem Buniaisuepeiey) pun uoneledeld
%S %1 %1 %E dezuoy

juazoud
ul < 99 9N M'IN ‘H'IN loiny

(‘9 '9) uyio "y atanaauing ‘(' "'n) moung amn ‘(Y °IN) Msutyasndey) euiey ‘(*H *IN) UuewyoH [deydIN

(usjeniu]) sweuydeN aweuloA Jiw (ul/Joiny J/apualaipuodsalloy / -0y / -1dneH “166) usuuluaiony aqebuy
(9% urI) Bunyoipuayola  Jap ue a|IvuYy Jap Bun|@lsieq aualjjielaq

"ZLS0VL ‘291 ‘0202 ‘A19190S [B21WSYO01)93|T SU} JO [BUINOP ‘UIYIS) 'Y/ SI9ASUINGD ‘MOJUND SMN
‘psuiyosndey| eunlely ‘UUBLWIOH [9BYDIN ‘SBpPIXO patake] yory-IN | Led :sjeusiely spoyie) Aususq ABisug ybiYy Jo) Buissesold snosnby Jo suoieoldw|

Jyeyosualoyny Inz bunigpug

o) 11ZVWIVHd NINGZANM
anNn 3IW3HD L1YLISYIAINN

in4 1e3ned -Suefjiwixew-sninf



%001 %9¢€ %L %9 %LlS sawwng
%S %V %1 BunyoipuagyieA Jep uoleuIpIooy
%01 %6 %1 BunyoipuayQIs A Jap NP0y
%S 1 %tV %L1 BunyoipuayQIaA Jop USSSEHOA
%V %6 %< %EL Bunuaisuspiesey) syosiwayooye|g
%8 %< %9 neq|iez pun Bunjigjsiayuspoipia|g
sied)|i4-vON

%EE %6 %< %V %L1 sep "Mz |9yied-YON usjzjesebsnelessem
Jap Bunuaisuapesey) pun uoneledeld

%S %1 %1 %E dezuoy

juazoud
ul < 99 9N M'IN ‘H'IN loiny

(‘9 '9) uyio "y atanaauing ‘(' "'n) moung amn ‘(Y °IN) Msutyasndey) euiey ‘(*H *IN) UuewyoH [deydIN

(usjeniu]) sweuydseN aweuloA Jw (ul/Joiny J/apualaipuodsalloy / -0y / -1dneH “166) usuuluaioiny aqebuy
(9% ur1) Bunyoipuaola Jap ue a|IvUY Jap Bun|@lsieq aualjjieleq

"‘GESOYL ‘291 ‘0202 ‘A18100S [BOIWBYD01108| 8} JO [BUINOL ‘UILID) Y SJ8ABUIND ‘MOIUNS) aMM ‘IYsulyosndey| euiley ‘UUBWiOH
[8BYDI ‘CQS00yS 00D OINIT UO sal0adg 8oeung paonpul-1alep) ‘|| Ued :sjelsiely spoyie) Alisueq ABieug ybiH Joj Buisseoold snosnby jo suoieodw|

Jyeyosualoyny Inz bunigpug

o) 11ZVWIVHd NINGZANM
anNn 3IW3HD L1YLISYIAINN

in4 1e3ned -Suefjiwixew-sninf



%001 %1€ %S %SG %6 %08 swwng
%S %V %1l BunyoiuayIaA Jep uoleuIpIooy
%01 %6 %1 BunyoijpuayQIs A Jap INpPjeLIoy
%G1 %Y %Ll BunyoljueyQIe/ Jep uessepaA
%82 %01 %2 %L %G1 Buniaisuapieley) ayosiways0nya|]
%6 %<C %V %< neqjiez pun Bunjieisisyuspoipielg

ulyIed-YON US1elyolyoseq
%8¢ %l %l %€ %o¥ %Ll uoA Bunuaisuepeiey) pun 9sayjuAsg
%S %2 %€ 1dazuoy

juazoud
ul < 09 9N M'IN ‘N4 ‘H'IN loyny

('D '9) uyo 'y a1dAauUINg (‘9 "n) moung amn ‘("M "IN) Msutyasndey eupsey (‘N "4) 4a16eN X184 ‘(‘H "IN) uuewyoH |aeydiN

(usjeniu]) sweuyoeN aweuloA 1w (ul/Joiny J/apusiaipuodsalloy / -0y / -1dneH "166) usuuljusioiny aqebuy
(9% ur1) Bunyoippuayola Jap ue a|IBUY Jap Bun|@lsieq aualjjielaq

"L26G-296G ‘€1 ‘0202 ‘WaYDSNSWayD ‘UIID 'Y 9I9ASUIND ‘MOJUNS MM ‘Bisulyosndeyy
eunJepy ‘J8|BeN XIj@4 ‘UuBwioH |9BYDIN ‘Buisseoold apoos|g snosnby ajgeug o) Buneon *Odesi BIA S8jollRd ZOSO0)yS 008 OINIT JO UOIIEOIIPO 80BLNG

Jyeyosualony Inz bunigpig

o) 11ZVWIVHd NINTZANM
adNn 3IW3HD 1Y1ISY3IAINN

FUTRENINLY -SuBJ|IwIXe-snnf



%001 %0¢€ %S %S %9 %¥S awuwng
%S Y%V %L BunyoipuayIa Jop uoleulpIooy
%01 %S %S BunyoipuayoIBA JBp NI
%S %€ %<l BunyoipuayoIaN Jop uassepan
%6¢ %6 %€ %Ll Buniaisuapieleyd ayosiwayd0a|]
%6 %€ %9 neqi@z pun Bun|jg)sieyuapoliye|g
Buniaisuapeleyd

%12 %8 %1 %€ %G1 ualap aImos ssazoidsbunuxoonynidsg
uauld Jagn udiued-yoON UoA Bunjyoiyosag

%S %l %l %€ ydazuoy|

juazoud
ur X D9 ‘SO 0N ‘N4 ‘H'IN Jojny

(‘"9 ') uiio "y a1dAsuUING ('S D) IX8S paeytan ('O 'n) mojung amn ‘(N ") 1816eN x1194 ‘(‘H "IN) uuewjoH [aeydIN

o) 11ZVWIVHd

anNn 3IW3HD

N4 je3ndeq

(usjeniu]) sweuyoeN sWeUIoA Jw (ul/J0INy J/apualaipuodsalioy / -0y / -idney “166) usuuluaioiny aqebuy
(% ur) Bunyoipuayoia/ Jop ue ajiBluy Jop Bunj@isieq aualieleq

"11G090 ‘891 1202 ‘A19100S [e2]Wway204308|3 8Uj} JO [BUINOI ‘UD 'Y 8JeAauing
‘IX8S pJeylas) ‘mojuns) amn ‘JajbeN X194 ‘UUBWIOH [9BYDIN ‘SOPOYIRD 2SO 0)ySH 008 0INIT YOL-IN PaSSad0.d snoanby Jo aouewlouad BuljpA) wis | -buo

Yeyosuaiony nz Buniepiig

ANTZANM
LYLISYIAINN

-Sue|jIWIxXep-sninf





