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By enabling water-based cathode processing, the energy-intensive N-methyl-2-pyrrolidone (NMP) recovery
step can be eliminated, reducing the cost and environmental impact of LIBs. Aqueous processing of high
capacity Ni-containing LiNi,Mn;_,_,Co,0, (NMC) cathodes is problematic due to lithium-ion(Li*) leaching,
corrosion of the aluminum (Al current collector, and the lack of aqueous soluble bio-derived binders. The
present study investigates the potential of substituting and fully replacing the commonly used polyvinylidene
fluoride (PVDF) and carboxymethyl cellulose (CMC) binders with abundant, bio-derived kraft lignin. This
paper gives a holistic overview of the optimal conditions when employing these binders. For the first time,
we demonstrate that NMC111 cathodes of comparable specific capacities to NMP/PVDF-based ones over
100 cycles or at high C-rates (5C) can be formulated in water using lignin or CMC/lignin as binder materials.
Cyclic voltammetry (CV) revealed that kraft lignin undergoes a redox reaction with the electrolyte between
2.8 and 4.5 V, which diminishes upon subsequent cycles. Differential scanning calorimetry (DSC) revealed
that lignin is thermally stable up to 152 °C. Rheology measurements showed that replacing NMP with water
allows for a solvent reduction. The cathodes fabricated using an aqueous slurry should be dried at 50 °C, as
extensive surface cracks detected using scanning electron microscopy (SEM) diminish. Li* leaching from
NMC111 and NaOH species from kraft lignin caused an increase in pH during aqueous slurry fabrication.
A carbon-coated Al foil (C-Al) prevented Al corrosion and increased the lignin cathode’s mechanical
strength revealing lignin's exceptional binding abilities to carbon. The electrolyte wettability decreased for
calendered lignin-containing cathodes with low porosity and a large carbon black/lignin matrix.
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LIB graphite anodes are usually fabricated using aqueous
slurries, whereas cathodes are mainly produced using the toxic
N-methyl-2-pyrrolidone (NMP) solvent. NMP introduces an

1 Introduction and outline

Efforts to de-carbonize the transport sector are driving the shift

from fossil-fuelled vehicles to electric mobility. Being the lead-
ing battery technology for mobile devices and battery electric
vehicles (BEVSs), recent advances in lithium-ion battery (LIB)
technology have driven a rise in production demand. However,
the carbon footprint of LIB production contributes significantly
to the greenhouse gas emissions of BEVs."” Therefore, the
sustainability and cost of production must be improved
without compromising the battery energy density.?
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expensive recovery step and requires high airflow during elec-
trode drying;' thus, an aqueous cathode processing route
will lower the energy consumption and cost of production.’
Additionally, replacing the costly polyvinylidene fluoride
(PVDF) cathode binder with water-soluble binders will simplify
the recycling process for end-of-life LIBs by mitigating
the conversion from solid-coated cathodes to aqueous black
mass.®

However, several challenges have been reported when tran-
sitioning to the aqueous processing of Ni-containing cathodes.
Issues are related to the poor water-compatibility of the active
material, high basicity of water leading to corrosion of the
aluminum(Al)-foil current collector,”® cracking of the cathode
coating due to increased capillary pressure during electrode
drying,” and finding a binder material providing sufficient
cohesion and adhesion forces between the coated particles
and the Al-foil,' respectively. Therefore, the search for aqueous
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compatible and electrochemically inactive binders providing
sufficient mechanical strength has become an area of signifi-
cant scientific interest.*'*"*

1.1 Aqueous binder materials

Bresser et al.'® reviewed alternative bio-derived aqueous bin-
ders for LIB electrodes. A typical example is a water-soluble
and/or dispersible carboxymethyl cellulose/styrene-butadiene
rubber (CMC/SBR) binder currently used in the production of
the graphite anodes and water-compatible olivine structured
LiFePO, (LFP) cathodes.”® CMC is a linear polymeric derivative
of cellulose and has been widely used as a thickener, binder,
and stabilizer in various industries.'® Furthermore, CMC has
contributed to making the slurry homogeneous as it suppresses
the re-agglomeration of the dispersed CB particles.'® Under-
standing the interaction between the binder and the other
electrode components (i.e., the active material and the conduc-
tive additive) is vital for the coating’s homogeneity, conse-
quently optimizing the electrochemical performance.

Lignin is another promising bio-derived binder material
that becomes water soluble when the phenolic hydroxy group
(Fig. 1) is activated at high pH."” Being a waste material from
the pulp industry, it has low cost, and high abundance.'®*°
It has been researched as a precursor in the production of
several battery components," including the separator, conduc-
tive additive, activated carbon for capacitors,*® electrolyte,”"
and binder material.**** The lignin molecule is complex
and consists of the monolignol monomer species shown in
Fig. 1."%?° The molecular characteristics depend on the pre-
treatment method (kraft, soda, or steam exploded) and whether
it is derived from softwood (poplar) or hardwood (pine). The
molecular masses and glass transition temperature (T,) of
lignin isolated from different resources have been reported to
be in the range of 1000-20000 g mol ', and 91-174 °C,
respectively.'®?” Additionally, it has a higher electrical conduc-
tivity than that of the commercial PVDF binder.

Lu et al®* studied lignin as a binder material for the
aqueous production of LFP cathodes and graphite anodes and
reported a high reversible capacity of 148 and 305 mA h g%,
respectively. Pore removal through calendering decreased the

Sinapyl alcohol

p-Coumaryl alcohol Coniferyl alcohol

Fig. 1 The monomer species building up a lignin molecule: (a) p-coumaryl
alcohol (4-hydroxyl phenyl, H), (b) coniferyl alcohol (guaiacyl, G), and
(c) sinapyl alcohol (syringyl, S).1°2°
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cathode’s specific capacity due to polarisation.”® They also
emphasized the need for pre-treatment of the lignin to remove
small molecular structures which supposedly diffused into the
electrolyte.

Ponnuchamy et al.* recently compared the binding ability
of lignin, other sustainable cellulose-based binders, and unsus-
tainable binders to graphene sheets. Subsequently, and inde-
pendently of this work, they reported that lignin offered the
highest binding strength amongst all the most common bin-
ders. This makes lignin a suitable binder for both the graphite
anodes and the cathodes due to the presence of the conductive
carbon additive in the latter. Others'® have reported that the
CMC binder binds more strongly to the Al current collector
than the PVDF binder. Meanwhile, little research is conducted
on lignin’s binding ability to the active cathode materials or
the Al current collector. However, a protective carbon-coated Al
(C-Al) current collector may provide strong adhesion between
the current collector and lignin-based electrode coating.®"?
Such carbon coating may also prevent poor Al-foil wetting
caused by the high surface tension of water”® and protect
Al against corrosion®"? during the casting step of an aqueous
slurry.®

Z. 23

1.2 Solvent evaporation and crack propagation

When replacing the NMP with water, the slurry’s wettability to
the Al-foil during coating decreases, creating an electrode
coating with lower adhesion and more extensive cracking.
According to Du et al.,”® this is caused by the high surface
tension of water (72.80 mN m™", 20 °C) compared to NMP
(40.79 mN m™', 20 °C). During solvent evaporation, a high
capillary pressure build-up leads to crack propagation in the
electrode coating.”*® Others claim that the extensive cracking
of the aqueous processed cathode coatings is a result of H,
release during drying, owing to the corrosion of the Al current
collector.”® Man and Russel*® found that the critical pressure
for crack onset increased with decreasing electrode thickness.
Zheng et al®' reported that mechanical issues increased
proportionally to the coating thickness of NMC111 and LFP
cathodes.

Moreover, Buss et al.”” reported that dissolved or dispersed
non-volatile species with a larger density than the volatile
solvent can migrate during solvent evaporation and form a
“sediment” layer at the electrode surface. Inhomogeneity
decreases the adhesion strength of the coating and; conse-
quently, its electrochemical performance. This can be avoided
by implementing a two-stage NMP evaporation process®® or
lowering the drying temperatures.®® Therefore, electrode drying
should be carefully considered to avoid cracking and particle
migration during solvent evaporation.

Crack propagation and fractures in the electrode coating
result in poor mechanical strength, isolation of active materi-
als, and disruption of the electronic and ionic conductive
network. During cycling, the cracks in these mechanically weak
coatings will further propagate and create new surfaces. This
allows for more electrode-electrolyte side reactions, further
growth of the cathode electrolyte interphase (CEI) or solid

l.32
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electrolyte interphase (SEI) surface layers, and surface phase
transformations in NMC111 (from layered R3m to disordered
spinel F3m and NiO rock salt (Fm3m structure), and dissolution
of TMs.?®3* This inevitably manifests as impedance growth and
capacity deterioration over multiple cycles.>** It should be
mentioned that a decreasing rate capability with increased
mass loading is often ascribed to the Li*-diffusion limitations
and not necessarily crack propagation.®®*”

The term capacity retention varies across scientific
papers*®?° depending on their scope of work. This work defines
capacity retention as the fraction of capacity relative to the
initial discharge capacity, which is useful when defining the
cyclability of real devices.*®

1.3 Li-ion leaching in Ni-containing cathodes

A suitable cathode chemistry for EVs is nickel(Ni)-containing
LiNi,Mn, _, ,Co,0, (NMC) cathodes due to their high specific
capacity. However, additional challenges have been reported
when transitioning to aqueous processing of Ni-containing
cathodes such as LiNij33Mng33C00330, (NMC111) and
LiNig gMng ;C0o,0, (NMC811).*' During moisture exposure,
active oxygen (O) species are generated at the particle surface.
These combine with water (H, O) and carbon dioxide (CO,)
before they further react with Li" to form Li hydroxide (LiOH)
and eventually Li carbonate (Li,COj3) species at the NMC
particle surface.*"*> Upon water exposure during the slurry
processing step, Li" leaches out from the NMC111 surface as
displayed in Fig. 2, leaving the outer layers delithiated.

The mechanism related to the charge compensation follow-
ing the Li'-loss in the near-surface region of the NMC111 is
disputed in the literature.”® Two scenarios have been widely
discussed; one suggesting the spontaneous reduction of Ni**
to the more thermodynamically stable Ni**,** and the
other suggesting a H'/Li'-exchange mechanism illustrated in
Fig. 2.>>** The reduction of Ni-ions is aggravated in more Ni-
rich NMC cathodes as the ratio between Ni** and Ni** is high,
and recent articles suggest that this type of charge compensa-
tion occurs upon long-term humidity exposure (over several
months), whereas the H'/Li" exchange is dominant during the
initial stage of exposure to humidity or water.>®

Surface Layer Formation:

w W
) _ - Electrode
H,0  OHyife Q{" oH- Drying
— oy 4 —
Lit/ H* )po 50°C
exchange \_®. @
Lithium ion (Lit) £ ()H
® Hydroge H*
y‘N‘_‘)g‘I\;m“C( )0 LMoLy | i *Hz0 S LiOH +HY
(Ni;3Mny /5 Coq/3)0, (LIMO,) LiMO, + xH,0 S Li;_,H,MO, + xLiOH
] + €O, s LiHCO;
@b Lithium carbonate (Li,CO;) + LiHCO3 S H,0 +

Fig. 2 When the NMC material is exposed to water Li* starts leaching out
from its structure while H* from the water intercalates with the structure.**
OH™ in the solution steadily increases the pH and combines with Li* to
form LIOH as the water evaporates during electrode drying. Furthermore,
LiOH reacts with CO, to form LIHCO3 and eventually Li,COs.
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Zhang et al* exposed NMC111 particles to water and
humidity (ambient atmosphere, 20 °C, 50% relative humidity)
and reported that Li* leaching took place during the first
15 minutes, forming a 10 nm thick surface layer of LiOH and
Li,CO;. The humidity-exposed NMC111 was cycled in coin cells
(versus a Li-metal anode), and the capacity decreased by
10 mA h g ' at 1C. The initial discharge capacity and the
capacity retention after 30 cycles were 139 mA h g * and 95%,
respectively. This capacity loss was confirmed by Cetinel et al.*®
during aqueous production of NMC111 tested in full cells using
graphite as an anode.

On the other hand, Jung et al.*’ reported that a 10 nm thick
surface layer was found on humidity-stored Ni-rich NMC811;
however, no significant changes were detected on the NMC111
surface. Shkrob et al.** reported that the initial capacity loss
from Li" leaching was regained during the first few cycles.
Doberdo et al.® also detected an initial capacity decrease, but
explained that this was likely caused by the corrosion of the Al
current collector since the dissolution of LiOH and Li,CO;
raised the slurry pH above the stability window of the Al-foil
(pH = 4.5-8.5).

This report investigates lignin as an alternative binder
material for the aqueous processing of NMC111 cathodes. First,
we gradually replace the standard PVDF/NMP binder/solvent
with lignin/NMP, resulting in four cathode coatings with PVDF :
lignin binder ratios of 100: 0, 75:25, 50: 50, and 0:100. There-
after, the NMP solvent is replaced with water, and CMC/lignin
or lignin are tested as binders. The electrochemical and ther-
mal stabilities of lignin are revealed through cyclic voltammetry
(CV) and differential scanning calorimetry (DSC), respectively.
The slurry rheology for different powder (NMC111: binder : CB)
to liquid (NMP or water) ratios (P:L) is measured to reveal the
dispersion network and ensure a proper viscosity for the coat-
ing. Furthermore, two different drying temperatures (50 °C and
90 °C) and doctor blade coating thicknesses (150 um and
200 pm), calendering pressures, and carbon-coated Al-foil
(C-Al) are tested, aiming to obtain a coating with high mechan-
ical strength. The electrochemical performance of aqueous-
produced cathodes using CMC/lignin or pure lignin as binders
is compared to PVDF/NMP-based cathodes at high discharge
C-rates (5C) and over 100 cycles.

2 Experimental

Table 1 presents an overview of all parameters tested during
slurry fabrication and coating. This includes binders, solvents,
different NMC111:CB:binder ratios, wet coating thickness,
and current collectors. The slurry viscosity, electrochemical
and thermal stability, surface cracking, binder migration,
mechanical strength, specific capacity, and capacity retention
were measured.

2.1 Cathode perparation

Three pre-mixed binder:liquid solutions of (PVDF:NMP
(1:20 wt%), lignin: NMP (1:10 wt%), or lignin: (water + 10 wt%

Mater. Adv.,, 2023, 4, 523-541 | 525
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Table 1 The different binders, slurry composition ratios (wt% of the
NMC111), solvents (L), electrode drying temperature (DT), powder : liquid
ratio (P: L), plain aluminum (Al) or carbon-coated (C-Al) current collector
(CQ), and doctor blade coating gap (DBG) for the electrodes tested

Binder(s) NMC111:CB: DT P:L DBG
Solvent [wt%] binder [wt%] [°C] [wt%] CC [pm]
NMP  PVDF:lignin

100:0 85:10:5 90 1:2 Al, C-Al 150, 200

75:25 85:10:5 90 1:2 Al 150

50:50 85:10:5 90 1:2 Al 150

0:100 85:10:5 90 1:2 Al 150

0:100 85:10:5 50 1:2 Al 150

0:100 80:11:9 50 1:1.7 Al, C-Al 150, 200

0:100 90:5:5 50 1:1.3 C-Al 200
Water CMC:lignin

2:7 80:11:9 50 1:2.4 Al C-Al 150, 200

ethanol) (1: 10 wt%) were stirred with a magnetic stirrer overnight
at 40 °C to dissolve the binder. Details of the chemicals used are
presented in Table S1 (ESIt). The dissolved binder was mixed with
NMC111 (Targray) and carbon black (CB) (Imerys and Carbon,
C45) to a wt% of NMC111: CB: binder and additional solvent to
reach a specified powder : liquid wt% (P:L). The slurry chemistry
ratio, binder(s) chemistry, electrode drying temperature (°C),
current collectors, and doctor blade gap for tape-casting are
presented in Table 2.

A non-contact planetary mixer was used for slurry mixing
(THINKY ARE250CE). The NMP/PVDF-based slurries were mixed
at 1500 rpm for 25 minutes (min), followed by 2000 rpm for
5 min. The water-based slurries were pre-mixed with the binder
and CB for 10 min at 1000 rpm, 2000 rpm, and 1000 rpm,
respectively, before NMC111 was introduced and the mixing
procedure was repeated. The rheology and pH of these slurries
were measured.

View Article Online
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The slurries were coated onto an Al-foil or C-coated Al-foil
(C-Al) with a doctor blade gap of 150 or 200 pm using a tape
caster (MSK-AFA-HC100, MTI Corp.). The electrodes were dried
at 50 or 90 °C overnight in a vacuum, calendered (Electric Hot
Press, MSK-HRP-01, MTI corp.) at different gap sizes (40, 45, 60,
or 80 um) four times, and punched to 15 mm diameter discs
(MSK-T-12, MTI Corp.). The dried electrodes were weighed, the
thickness was measured before and after calendering using a
micrometer (VWR =+ 0.001 pum), and the resulting porosity
was calculated from the material densities using equation 1
in ref. 46. The theoretical material densities used for NMC111
(Targray), CB (Imerys), lignin (Sigma Aldrich), and PVDF
(Sigma Aldrich) were 2.3, 1.9, 1.3, and 1.8 (g cm ™) at 25 °C,
respectively.

The coated electrodes were stored in a desiccator filled with
silica gel and post-dried at 120 °C for a minimum of 4 h to
remove moisture before being introduced into an argon-filled
glove box (O, < 0.1 ppm, H, O < 0.1 ppm) for coin half-
cell (CR2032, MTI Corp.) assembly. Pre-cut Li-metal chips
(15.6 mm x 0.25 mm diameter x thickness), 99.9%, Xiamen
Tmax Battery Equipment) were cleaned to remove surface
impurities and used as anode for the coin half-cells. A poly-
propylene (Celgard 2320) disc (17 mm diameter) was used to
separate the coated cathode and the Li-metal anode. A pre-
made salt solution of 1 M lithium hexafluorophosphate (LiPFy)
dissolved in ethylene carbonate/ethyl-methyl carbonate/diethyl
carbonate (EC:DMC:DEC 1:1:1, Sigma Aldrich) was used as
the electrolyte. 20 pL of the electrolyte was added to each side of
the separator to ensure proper wetting. To achieve good contact
and obtain uniform current distribution, a stainless steel
spacer and spring were placed on top of the Li-metal anode
before crimping the cell (MSK-PN110-S, MTI Corp.) by applying
a pressure of 120 psi.

Table 2 A detailed list of the solvent, cathode binders, doctor blade coating gap (DBG) and calendering gap (CG), dry coating thickness, and porosity
before (b) and after (a) calendering, mass loading (ML), initial discharge capacity (IDC) at C/10, and current collector (CC). The NMC111: CB: binder wt%
was 80:11:9, *85:10:5 or **90:5:5. The drying temperature T = 50 °C (water) and 90 °C (NMP) unless specified

Solvent Binders [wt%]  DBG/CG [um] Thick. b/a cal. [um]  Por. b/facal [%] ML [mgem *] IDC[mAhg™'] CC  Plot
NMP 90 °C PVDF: Lignin —
100:0* 200/45 63 +7/33 £3 53 £4/9£1 6.6 = 0.6 150 C-Al  Fig. S9a
100:0* 200/45 54 + 4/40 £+ 3 56 £ 4/30 + 3 6.1 + 0.8 154 Fig. S9a
75:25* 150/45 43 £ 6/28 £ 3 53 £6/27 £ 4 4.4 £0.2 153 Fig. 8
50:50* 150/45 50 £1/39 £ 1 57 £1/25 + 4 48 +0 132 Al Fig. 8
Water 50 °C 0:100* 150/45 42/— 51/— 4.4 83 Fig. 8
0:100* (50 °C)  150/45 49/— 57/ 4.5 141 Fig. 8
0:100 (90 °C) 150/45 74 £ 5/17 71 + 14/- 4.7 128 Fig. 8
0:100 200/45 80 + 5/41 £ 2 44 + 1/0 + 16 9.7 £ 0.2 120/125 Fig. 10c
— 200/60 77 £11/42 £ 2 40/16 £ 5 — 136 Fig. 10c
— 200/80 77 £11/64 + 2 38/32 — 148 C-Al  Fig. 10c
0:100 150/45 74 £9/40 £ 4 46 £ 7/15+ 1 7.4+ 0.3 143/127 Fig. 10b
— 150/60 65 + 15/34 £5 44/22 + 17 — 125 Fig. 10b
— 150/80 72 £3/54+ 3 50/37 — 139 Fig. 10b
0:100** 200/80-60 /62 £ 3 /31 7.5£0.2 154 Fig. 12
CMC: lignin —
2:7 200/40 45 £3/36 £ 1 46 £1/32 £ 2 5.1+04 147/151 Al Fig. 9
2:7 200/40 46 £2/35 £ 1 44 £2/19+2 5.6 £ 0.2 135/142 Fig. 9
— 200/60 55 £ 3/47 £ 3 51 £ 0/10 £ 0 — 141 —
— 200/80 55 + 3/46 + 3 51 +£1/21+1 — 143 C-Al —
— 150/60 45/41 £+ 3 51 £0/27 £ 1 4.5 £ 0.2 — —
— 150/80 45 +1/41 £ 2 53 £2/30 + 4 — 150/151 —
526 | Mater. Adv, 2023, 4, 523-541 © 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2 Characterisation methods

2.2.1 Raw material characterisation. Differential scanning
calorimetry (DSC) and cyclic voltammetry (CV) were used to test
lignin’s thermal and electrochemical stability, respectively. CV
was performed on different coatings against a Li metal in coin
cells using a BioLogic VMP3 Battery Cycler between 2.8 and
4.5 Vvs. Li'/Li at a scan rate of 1 mV s, and the corresponding
current was measured. The DSC analysis was done with a DSC
Q2000 (TA Instruments, USA) with a liquid nitrogen cooling
system as a cooler. The calibration of temperature and the
heat flow was conducted using indium. The heat capacity was
calibrated with sapphire glass in the temperature range
between —150.0 °C and 300.0 °C. According to TA’s instrument
recommendations, helium was used as the purge gas and
applied at 25.0 mL min . The reference sample was an empty,
hermetically sealed aluminum pan. The samples with masses
between 6.0 mg and 12.0 mg (for conventional DSC) and 10 and
15 mg (for modulated DSC) were placed inside aluminum pans
with hermetic lids. The pans were sealed with a Tzero DSC
sample encapsulation press (TA instruments, USA). Then the
samples were placed by an auto-sampler into the DSC cell. The
thermal properties were determined using the TA Universal
Analysis 2000 version 4.5A software (TA Instruments, USA).

The conventional DSC scanning used for lignin was con-
ducted in one step. The samples were equilibrated at 30.0 °C for
5 min and heated up to 200 °C at a rate of 10.0 °C min". The
modulated DSC (MDSC) procedure used for the PVDF sample
was used to clarify the thermal processes in polymers. The
modulation amplitude was +1.0 °C min~ ", and the heating rate
was 3.0 °C min~'. The MDSC method helped clarify the melting
and re-crystallization processes and glass transition. This
method measured the differences in the heat flow between a
sample and a reference as a function of time and temperature,
but the heating profile differed from that of conventional DSC.
The sample temperature continuously increased with time but
in a sinusoidal trend. The total heat flow could therefore be
split into the heat capacity component (reversing heat flow) and
kinetic component (non-reversing heat flow).”” The reversing
heat flow denoted melting and glass transition, while the non-
reversing heat flow denoted the recrystallization or crystalline
structure perfection. The comparison between the reversing
and non-reversing heat flow allows the splitting of the exother-
mic recrystallization peaks when overlapping the endothermic
melting peaks or glass transition.

The onset (T,,) and end (7¢) points of melting were defined as
the temperatures at which a change in the slope of the heating
curve occurs. It should be noted that the glass transition in some
substances like cellulose and polymers can be weak. Thus, the
inflection point (7;) was determined as a negative peak of the
derived heat flow curve. The melting energy was obtained by
integrating the DSC melting peaks (the linear baseline function
integration), and the glass transition was determined with TA
Universal Analysis 2000 version 4.5A software (TA Instruments,
USA) and characterized by the T,, T., and T;.

2.2.2 Rheology measurements. A rheometer (AR-G2, TA
Instruments Trios V2.6) with a 40 mm parallel plate geometry

© 2023 The Author(s). Published by the Royal Society of Chemistry
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at 22 °C was used to test the rheology of the slurry. The test was
carried out using a steady-state flow mode followed by an
oscillatory mode. The viscosity of the slurry was measured
using a linear sweep with an increasing shear rate from
1-70 1 s~ " in the steady-state flow mode. The storage modulus
(G') and loss modulus (G”) were measured with an increasing
angular frequency (680-1 rad s ') in the oscillatory mode. The
slurries that were not tested directly after mixing were remixed
at 2000 rpm for 10 minutes in a planetary mixer (Thinky-Mixer
ARE-250). A 30 second equilibrium soak time was set before
the rheology experiment for the slurry to achieve the correct
temperature (22 °C) and reach equilibrium.

2.2.3 Scratch test and pen test. A micro scratch tester
(MST, Anton Paar) was used to investigate the effect of calen-
dering on the mechanical properties of the cathode surface.
A linear progressive scratch test was performed by placing a
Rockwell diamond indenter on the cathode coating surface.
The non-calendered cathodes had increasing loads from 30 to
200 mN applied, at a loading rate of 28.33 mN m ' for a
3 mm scratch. For the calendered cathodes, the load applied
increased from 30 to 500 mN, at a loading rate of 94 mN m ™" in
for a 5 mm scratch. A pen test, which works as a simplified
T-bend test commonly used for coatings, was conducted to test
the cathode coating’s mechanical strength by bending the
cathode sheet around a pencil with a diameter of 0.5 cm.
They were mechanically strong if they resisted cracking when
exposed to bending.

Cyclic voltammetry (Biologic BCS-805) was used to investi-
gate the electrochemical stability of the Al-foil, carbon-coated Al
(C-Al), carbon black, and carbon black/lignin (50/50 wt%) in
coin cells with Li as a counter electrode (two-electrode configu-
ration) and scanned between 2.8 and 4.5 V vs. Li'/Li using a
sweep rate of 1 mV s~ . The carbon black and lignin/carbon
black were mixed with water in a 1:1.3 powder:liquid ratio
using the frame procedure for the slurry mixing and coated
onto a C-Al using a 150 um doctor blade gap. This resulted in
a 30 um thick carbon black coating with a mass loading of
2.9 mg cm ™2, and a 20 thick lignin/carbon black coating with a
mass loading of 10.6 mg cm™>.

2.2.4 SEM/EDS. Scanning electron microscopy (SEM) was
used to investigate the electrode coating’s microstructural
morphology and topography. The SEM imaging was performed
using a Zeiss Ultra 55 apparatus with a working distance (WD)
of 10 mm and an Everheart-Thornley secondary electron detec-
tor. The accelerating voltage was 10 kV at a scan time of
20.2 seconds per image. Image] (version 1.52a) was used to
analyze particle migration. A Bruker XFlash EDX detector was
used for EDS mapping at a working distance of approximately
10 mm and an accelerating voltage of 15 kV. The mapping
was conducted over the electrode surface for 10 minutes
(magnitude 200x). Bruker software (Version 1.9) was used for
elemental mapping analysis.

2.2.5 XPS. The X-ray photoelectron spectroscopy (XPS) was
conducted on dry NMC111 powders to reveal the surface
composition of pristine NMC111 particles after being stored
(1 year) in dry argon atmosphere (A), humid air (B), and mixed
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in distilled water for 24 hours (C). The samples were mounted
onto an indium foil and dried in a vacuum oven overnight at
120 °C. The sample analysis chamber pressure was 1 X
10~° Torr during the operation. Elemental maps were collected
with a pass energy of 160 eV with two sweeps, using a mono-
chromatic Al Ka source (15 mA, 12 kV). High-resolution regio-
nal acquisitions were performed with a pass energy of 20 eV
with eight sweeps and a 0.1 eV step size for each element.

2.3 XRD

The XRD measurements were performed on a Bruker D8
Davinchi diffractometer using a Cu Ko radiation (4 = 1.54 A)
source, and a fixed slit size of 0.2. The XRD scan was scanned
between 20 values of 10° and 80°. The analysis of the XRD
profiles was performed using DIFFRAC.EVA software (Bruker).
The reference scans used for matching were found in PDF
2019+ database, and are found in Table S4 (ESIt).

Rietveld refinement was used for structural analysis and
was performed on DIFFRAC.TOPAS (V5.0, Bruker AXS). They
were based on a rhombohedral a-NaFeO, structural model,
with a R3m space group and Li placed in the 3a position, Ni,
Mn, and Co in the 3b position, and O in the 6c position.
The refinements assumed fully stoichiometric samples and a
model in which Li and Ni were free to switch positions
(cation mixing) while Mn and Co were confined to the TM
layer. The a and c lattice parameters and the Oz coordinate
were treated as variables. The line widths were modeled
within the fundamental parameters approach assuming
microstrain-type broadening.

2.3.1 Electrochemical performance. The coin cells were