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Slurries with high solid contents are attractive because they can minimize usage and recycling of toxic
and expensive organic solvents, but have been, so far, very challenging to realize due to their high
viscosities, strong slurry gelation and poor coating results. Herein, we demonstrate the application of
well-known Li electrolyte salts, namely LiTFA, LiTFSI or LIODFB, as slurry additives, which allow the
achievement of an outstanding high solid content of 75.5 wt% for a NMC622-NMP slurry. These kinds of
additives are chosen in order to neutralize and chemically complex the NMC622 basic surface and
because of their well-known interaction within a battery system when used as electrolyte salts or
additives. The investigation shows how high solid content induced slurry gelation can be tuned and
controlled depending on the type of the additive and on its affinity towards the NMC622 surface. LiTFA
shows the best slurry gelation controlling capabilities and LiTFSI has enhanced long-term capacity
retention among the additives, rivalling the best performing reference electrode. EIS performed on

Received 31st May 2023, fatigued cathodes after 1000 cycles shows how the contact impedance between the electrode

Accepted Ist November 2023 composite and the Al current collector rises when Li-salts are used in comparison to the reference.

Post-mortemm SEM images show cathodic delamination for the additive-containing electrodes.
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Incremental capacity curves and post-mortem EDX investigations suggest Li plating on graphite anodes
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Introduction

A basic solvent born slurry for cathodes consists of the active
material (AM), carbon black (CB) as the electronically conduc-
tive agent and polyvinylidene difluoride (PVdF) as a binder. For
electrode slurries N-methyl-2-pyrrolidone (NMP), despite its low
vapor pressure (making NMP energy consuming to remove
during drying) and toxicity, is the most commonly used disper-
sing medium owing to its potential for dissolving PVdF. Slurry
optimization plays an important role in manufacturing electro-
des and has to be tuned to match the requirements of each
different coating line. Slurry viscosity has to be controlled
throughout dwell times in storage tanks in order to prevent
sedimentation, clogging of tubing, filters and feeds along the
coating line that may arise from flocculation and precipitation
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as a supplementary cell degradation mechanism when additives are employed.

of solid components. For production processes such as coating,
spraying, and extruding, the elastic gel-like behaviour of the
sample is often more important than the simple viscous
response to shear." In battery technology PVAF emerged as
the standard binder for cathode coatings, and electrode proces-
sing with PVdF is a key step in battery manufacturing.”* Most
cathode materials, like LiNij goC0g 15Alp,050, (NCA) or the vari-
eties of Li(Ni,Mn,Co)O, (NMC), have a mean particle size in the
range from 5 to 10 um. Such large AM particles allow the
production of slurries with higher solid contents (SCs), thanks
to their reduced specific surface area.®> Indeed, low solid con-
tent (SC) slurries have a more critical economic and ecologic
impact as the consumption of solvents and energy increases
during manufacturing, since NMP is evaporated and recovered
(recycled) in the electrode drying step. Therefore, new and
greener production solutions like super high SC slurries are
needed in order to reduce the application of solvents. Never-
theless, Li(Nig¢Mn,,C0¢.,)0, (NMC622) high SCs are typically
associated with strong gelation, especially beyond practical
limits®” of 70.0 wt% or higher. Gelation can compromise the
slurry rheology, thus hindering processability and yielding only
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poor-quality coatings. Upon mixing PVdF and CB in NMP, CB
can readily aggregate in network structures due to its high
surface area and sub pm primary particle dimensions, where
attractive van der Waals forces become relevant. The PVdF
binder can indeed easily adsorb on CB surfaces thus accom-
modating the high surface tension between CB and solvent and
providing stabilization (CB immobilization) to the colloidal
system.>®° When large 5-10 pm NMC particles are mixed with
NMP, PVdF and CB to produce a slurry, gel formation can be
caused by the interaction of the AM particles with the entangled
polymer chains trapped in the CB-PVAF colloidal domains.
Indeed, whenever a polymer is transported to a solvent wetted
solid surface through diffusion or convection, attachment can
take place (its kinetics depends on different potential barriers,
like, for instance, repulsion of the polymer from pre-adsorbed
solvent molecules). The adsorption speed is ruled by the rate of
the re-conformation process of the flexible freshly adsorbed
polymer layer."® The conformation of the polymer adsorbed on
a solid interface encompasses surface adherent trains as well as
solution protruding parts called loops or tails.'*"*> A polymer
density profile can be defined so that a high monomeric unit
density can be found in close contact to the AM surface in train
conformation, while a more rarefied density of tails and loops
is detected heading into the solution. The extension of the
polymer tail from the AM into the solution is directly propor-
tional to the molecular weight of the polymer employed. For
low adsorbing polymers extended loops or tails prevail, whereas
for high adsorption energy a larger portion of trains in direct
contact with the surface is expected."”> Whereas fully polymer
covered surfaces in good solvents tend to repel each other at all
distances and have the potential to sterically stabilize a suspen-
sion against agglomeration; unsaturated layers in good solvents
can produce bridging flocculation if this process is fast enough
to compete with the flattening and compaction of the polymer
sheath around the ceramic AM surface.’® Therefore, extended
polymer layers can interact with one another and, when seg-
ments of one polymer chain adsorb on different particles,
aggregation by bridging flocculation takes place. In this latter
case, physical gelation is reported to occur due to an interplay
of the type of high-molecular weight PVdF binder used (M, =
370000 - 1300000 g mol ') and of the moderately high slurry
SC employed (20 vol% or 60 wt%).> Gel formation is beneficial
for this standard SC slurries® whenever the strength of its
aggregated state is high enough to prevent segregation of
components and sedimentation of AM particles by effectively
immobilizing particles. Nevertheless, coating problems can
readily occur when the strength of the slurry aggregated state
is too high. If the average AM inter-particle distance gets much
higher compared to the radius of gyration of the polymer, the
probability of gel formation is expected to decrease consider-
ably, which is generally the case for low SCs. Gelation has also
been reported as being even more likely for smaller sub-um
particles,” so that, in this case, the slurry SC threshold at
which gelation occurs is expected to be lower. Moreover, PVdF
chemical instability towards basic surfaces, such as the ones of
NMC, was reported as another possible source of gelation in
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PVdF-based slurries.'® Indeed, apart from bridging flocculation
triggered physical gelation, chemical slurry gelation can act on
layered cathode materials due to the presence of Li,O, LiOH
and Li,CO; residual Li compounds on their surface.'®!” Resi-
dual Li basic compounds are abundant at the surface of higher
Ni content NMC'® and, particularly, in overlithiated NMC
materials (e.g. the NMC622 used in this study) where LiOH
excess is directly employed in their synthesis to compensate
for the lithium loss during the calcination process.'®
Moreover, if not stored in a controlled environment, NMC
surface’s Li,O can readily react with ambient H,O and CO, to
further produce additional LiOH and Li,CO; basic impurities."®
Beside causing gas evolution problems due to their reaction
with carbonate solvents®® of liquid electrolyte in the final cell,
residual Li compounds can actively catalyse PVAF binder
dehydrofluorination®** in the cathode slurry state thereby
producing C—=C unsaturated bonds in the polymer chain. PVdF
binder thus actively produce HF through dehydrofluorination
of its chain that, upon back reaction with basic Li compounds,
ultimately leads to H,O. Whereas polymer C—C double bonds
are capable of polymerizing to crosslink PVdF chains, water is a
non-solvent for PVAF polymer which can induce chemical
slurry gelation. In this respect, NMC surface basic compounds
were previously reported being removed by water*>>® or by
acidic solutions®”*® washings or by direct LiPF, addition into
the cathode slurry for lab-scale formulations.'® Herein, a new
approach is presented which tries to encompass the benefits of
both slurry and electrolyte additives at the pilot plant scale.
Electrolyte additives/salts, widely recognized in the literature
for enhancing battery performance when dissolved in the
electrolyte, are employed and they are used one step ahead,
directly in the slurry mixing, to ease its processability. Indeed,
established Li electrolyte salts, namely lithium trifluoroacetate
(LiTFA), lithium bis(trifluoromethane)sulfonimide (LiTFSI) and
lithium difluoro(oxalato)borate (LiODFB), are employed as
slurry additives as a way to create a unique AM surface
chemistry that, by complexation of the NMC622 and, therefore,
by modification of its interaction with PVdF, could tune the
rheology and suppress the gelation of high SCs slurries. LiTFSI
is a thermally*® (melting temperature of 236 °C and not
decomposing until 360 °C) and electrochemically stable (oxida-
tion potential at 4.3 V vs. Li/Li" in EC/DEC 1:1 (v/v) binary
solution®® at 25 °C) electrolyte salt. It has a high dissociation
constant (good even in low dielectric constant solvents) and
high ionic conductivity owing to its bulky anion guarantying
enhanced electron delocalization.® This salt has been
described in rechargeable Li-ion batteries since 1984,%> never-
theless its commercial use is not established due to its corro-
sion issue against the Al current collector.”® LIODFB is a new
generation electrolyte Li-salt that is thermally stable** up to
240 °C and displays extended electrochemical stability (oxida-
tion potential®® at 5.57 V vs. Li/Li* in 1:1:1 wt EC/DMC/EMC
electrolytes at 25 °C). When dissolved, LIODFB has as good an
ionic conductivity as LiPFs at room temperature and it pro-
motes a stable Al passivation.”® LiODFB has an improved
solubility in alkyl carbonate solvents compared to its parent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Slurry & cathode composition and anodic balancing for pouch assembling. Identical graphite anodes with composition SMGA3/C65/CMC/SBR
(wt/wt) = 96/1.5/1.25/1.25 are used. Anodic balancing expressed as the storage capacity ratio between the anode and cathode

Sample name Li-salt ADDITIVE (wt%) NMC622 (Wt%)

Carbon black C65 (wt%) PVdF (wt%) Anode balancing (%)

Additive-free 0 97.00
LiTFA 0.5 Wt%pyar 0.007 96.99
LiTFA 1 Wt%pyar 0.015 96.99
LiTFA 2 Wt%pyqar 0.030 96.97
LiODFB 2 Wt%pyar 0.030 96.97
LiTFSI 2 wWt%pyqr 0.030 96.97
LiTFA 8 Wt%pyar 0.120 96.88

LiBOB molecule®* > and it promotes the formation of solid-
electrolyte interfaces® both on the anode®**” and cathode®®*°
side. Thanks to its strong passivation capabilities LiODFB is
not only used as an electrolyte salt but also as an electrolyte
additive capable of guaranteeing improved high temperature*
/high voltage®® cell stability and superior battery cycle life.*’
LiTFA is an additive reported for use in Li metal batteries*" to
regulate the composition of the Li" solvation sheath in the
electrolyte and to promote stable and uniform SEI formation.
This can significantly suppress Li dendrite formation for
improved full-cell Coulombic efficiencies. Indeed, LiTFA pre-
ferential reduction compared to all the remaining electrolyte
components can produce a stable Li metal passivation with
uniform LiF and Li,O distribution.** These kinds of additives
were chosen with the intent to chemically modify the basic
surface of NMC622 by exploiting the acidic nature®® of LiTFA*?
and LiTFSI*® and the passivation capability of LiODFB. More-
over, these Li-salts were selected because of their well-known
interaction within a cell when used as electrolyte salts or
additives. The study provides a holistic view on the impact of
slurry additives on parameters such as rheological properties,
processability, particle distribution, as well as electrochemical
performance indicators from coin-cell based NMC half-cell
configurations and pouch-cell type graphite-NMC full cells.

Experimental
Electrode materials

Slurries for the manufacturing of cathode coatings were pre-
pared by mixing NMC622 (BASF, Germany) as an active mate-
rial, CB (C-NERGY Super C65, Imerys Graphite & Carbon,
Bodio, Switzerland) as a conductive additive, high M, PVdF
binder (Kynar® HSV 900, homopolymer, M, = 900.000-
1.300.000 g mol ", Arkema Inc., France) and NMP (1-methyl-
2-pyrrolidone, Emplura, Sigma-Aldrich, USA) as the solvent.
NMC622 particle size distribution was measured with a laser
scattering particle size analyser (LA-950V2, Horiba, Japan) as
Djp = 6.12 pm, D5 = 9.46 pm and Dg, = 14.17 um. The specific
BET surface of the NMC622 0.3334 m* g~ ' and €65 58.7 m* g~ "
was measured with a surface area analyser (Gemini VII, Micro-
meritics, USA). An NMC622 powder density of 4.63 g cm > was
measured with a helium pycnometer (Pycnomatic ATC, Porotec,
Germany). LiTFSI (99.95% trace metals basis, Sigma-Aldrich,
USA), LiTFA (97%, Alfa Aesar, USA) and LiODFB (99.5%, Sigma-
Aldrich, USA) were used as slurry additives.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Mixing

First of all, the binder was dissolved in NMP to produce binder
stock solutions with 9 wt% of PVdAF with a dissolver mixer
(Dispermat, VMA Getzmann GmbH, Germany) at 700 rpm for
1 h; subsequently, 15 min mixing at 700 rpm under vacuum was
applied for degassing of stock solutions. The required amount
of additive was already pre-dissolved in the NMP to obtain the
correct additive concentration in the final slurry (Table 1). The
additive concentration for each NMP-PVdF stock solution is
related to the amount of PVdF. Corresponding slurry concen-
trations can be found in Table 1. For cathode slurries produc-
tion an ARV 310 Thinky Planetary Mixer (Thinky Corporation,
Japan) was employed. In the first step C65 and PVdF stock
solution are mixed 3 times, each time for 2 min at 2000 rpm.
Subsequently NMC622 is added and mixed 3 times for 1 min at
2000 rpm. Finally, the required amount of pure NMP to reach
the target SC is added and mixed 14 times, each time for 1 min
at 2000 rpm. The general composition of the slurries and the
SCs employed are shown in Tables 1 and 3, respectively.

Rheology

Sedimentation of a non-transparent slurry can hardly be
detected by optical means; therefore, rheology is the preferred
characterization method to measure the flowability of a disper-
sion as well as its stability. A full characterization of a visco-
elastic sample like an NMP-based slurry (NMP + NMC + PVdF +
CB) starts with a steady-state flow test (shear stress against
shear strain) to measure the viscosity of the system and it
continues with dynamic oscillatory shear and frequency sweep
measurements that can, respectively, probe the strength of the
slurry aggregated state and its time dependent structure
stability.! Rheological characterization of the viscoelastic sam-
ples is carried out using a rheometer (MCR 302, Paar Physica,
Austria) in stress-controlled mode with a plate-plate geometry
(PP50, gap 500 pm) at 25 °C constant temperature. Steady-state
flow, amplitude and frequency sweep tests are performed one
after the other soon after finishing the mixing process. Five
minutes resting time was applied to keep the residual normal
force at an acceptable level at 25 °C until thermalization
conditions are fulfilled before starting rheological measure-
ments. Steady-state flow viscosities were measured applying
shear stresses from 0 Pa to 1000 Pa to access the viscosity
and shear thinning behaviour. Amplitude sweeps are per-
formed at fixed frequency w = 10 Hz within the strain region

Energy Adv., 2023, 2, 2093-2108 | 2095
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y = (0.01-10 000%). Frequency sweeps are measured within the
linear viscoelastic range (LVR) of the sample, if existing, at
fixed strain y = 0.1% within the frequency window w =
(0.01-1000 Hz). From the critical strain value limiting the
LVR (y¢ri¢ value beyond which the material response is increas-
ingly non-linear viscoelastic) and the modulus of G’ within this
region (where the equality ¢ = G|y Veric> holds) it’s possible to
calculate the cohesive energy:**

Verit 1
Ecoh = JO O'("/)d” = EGLVRycrilz (1)

E.on represents the energy or work per unit volume that keeps
the particles together in an aggregated state.

Electrode manufacturing

Electrode production was carried out by casting the NMP based
slurries on a 20 um Al foil employing a roll-to-roll coater (KTFS,
Mathis AG, Switzerland) with doctor blade and two drying
chambers set to 80 °C and 120 °C and a speed of 0.2 m min~".

After coating, a calendar (Saueressig GLK 200) was used at
50 °C to reduce the porosity of all the sheets to 33%. The
adhesion strength of the coating before and after calendaring is
measured with a zwikiLine Z2.5/TN with 10N load cell (Zwick-
Roell) via 90° peel test (DIN EN 28510-1). 80 mm X 17 mm
electrode stripes are fixed with double-sided adhesive tape
gluing the NMC622 coating downwards to a metallic holder
and pressed with a load of 200 kg for 2 s. The aluminium foil
was stripped off from the electrode layer at a constant speed of
600 mm min " and the adhesion strength in N m " is evaluated
at a 30 mm distance. A post-coating heat treatment of 10 min at
167 °C is applied to restore optimal adhesion when employing
LiTFA and LiTFSI as slurry additives. After documenting weight
and thickness, the through-plane resistance of the coating is
measured with a milliohm meter in DC mode (RM3544, Hioki
E.E. Corp., Japan) punching out 14 mm electrode disks and
placing them between 14 mm copper cylinders under 6.5 kPa
pressure. All cathode manufacturing data (composition, mass
loading, adhesion, porosity, electrical resistance) are reported
in Tables 1 and 2.

Cell assembly and electrochemical characterization

Cell assembly. Before cell assembling all the components
(electrodes and separator) are dried overnight at 130 °C with a
vacuum, so as to minimize the water uptake, particularly due to
the hygroscopic LiOH compounds*>*® on the NMC622 surface.
Li-salts, albeit being hygroscopic, only account for a tiny
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0.03 wt% fraction of the dry electrode composition and their
contribution to the overall water uptake is therefore considered
as negligible compared to that introduced by the NMC622 itself
(96.97 wt%). 45 mA h pouch cells are built in a dry room (dew
point below —50 °C) with dimensions of 50 x 50 mm? for the
positive and 54 x 54 mm?® for negative electrodes, respectively,
a ceramic-coated separator (Separion, Litarion, Germany) and
450 uL of LP30 (1:1 EC/DMC, 1 M LiPFs, BASF, Germany) as
electrolyte.

Anode composition and balancing versus cathode is
reported in Table 1. Two pouch cells are built and tested for
each coating.

Galvanostatic cycling and rate-capability. Prior to the actual
electrochemical testing, 20 h resting time at 40 °C was applied
for appropriate wetting of the components within the electro-
Iyte. A rate capability test is performed at 23 °C, considering
175 mA h g ' as the specific capacity for NCM622 and using
3.0 V and 4.2 V as the cut-off voltages. After two initial 0.05C
(charge/discharge) formation cycles, the rate capability was
tested for 10 (charge/discharge) cycles at each C-rate following
the pattern: (0.5C/0.5C), (1C/1C), (1C/2C), (1C/3C), (1C/5C) and
back to (1C/1C). Constant current-constant voltage (CCCV)
charging is applied to extract all the available capacity of the
cells: up to 4.2 V in the constant current (CC) mode and at 4.2 V
constant voltage (CV) with a C/20 current limit. Long-term
cycling is performed in the same experiment after the rate
capability test with continued (1C/3C) cycles in CCCV charging
mode until cycle 1000. dQ/dV curves, wherein peaks are corres-
ponding to the plateaus of the parent Q-V curves,”” were
recorded all through long-cycling.

Electrochemical impedance spectroscopy (EIS). EIS spectra
are recorded at different SOCs and subsequently analysed by
using the simplified contact-Randles-film (SCRF) circuit model
proposed by Atebamba et al.*® For impedance measurements,
cathodes were cut into disks with 16 mm in diameter and dried
overnight at 110 °C in a vacuum oven. EC-Ref cell (EL-CELL,
Germany) assembly takes place in an argon filled glove box
sandwiching a 18 mm Li metal disk, 3 x 18 mm glass fiber
Whatman GF/B separators, 16 mm cathode and using 800 pL of
LP30 as the electrolyte and lithium metal as the reference electrode.

EIS spectra were recorded in regular intervals of ASOC =
10%, starting from SOC = 0% (SOC 0) to SOC = 100% (SOC 1)
both during charging and discharging in the subsequent C/10
(charge/discharge) cycle; 2.5 V and 4.2 V are used as cut-off
voltages. The electrochemical measurements are performed at
room temperature using a multi-channel potentiostat (MPG2,

Table 2 Mass loading, thickness, resistance and adhesion of electrochemically tested cathodes before and/or after calendaring and, if applied, after heat

treatment. All the electrodes are calendered to 33% porosity

Adhesion
Mass loading Thickness Resistance Adhesion Adhesion (N m™) - after
Electrode sample (mg cm™?) (um) (Q) - cal (Nm™") - uncal (Nm™) - cal heat treatment
Additive free 11.28 38.8 108 56.1 44.3 —
LiTFA 2 wt%pyqgr 11.64 39.8 76 7.0 14.1 28.7
LiODFB 2 Wt%pyar 11.73 41.1 88 45.4 63.4 —
LiTFSI 2 Wt%pyar 11.21 38.4 73 13.1 10.3 32.4
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BioLogic, France) system within 50 mHz to 20 kHz frequency
range and applying a 10 mV AC voltage perturbation. After an
initial galvanostatic formation cycle at 0.1C (1C = 175 mA h
g~ 1). Each EIS measurement comprised of a forward scan (from
high to low frequency) and a backward scan (from low to high
frequencies), thus yielding two EIS spectra per SOC. Two EIS
cells and spectra are investigated for each sample. The same
procedure is applied with the 16 mm fatigued cathodes. The
fatigued electrodes are retrieved from the cycled pouch cells
(after 1000 cycles) and washed in DMC before EC-Ref cell
assembly.

Results
Rheology

Coating of a 75.5 wt% SC reference slurry without additives was
not possible as a result of very high slurry viscosity that also
impeded rheological characterization with the used device.
Nevertheless, coating of the additive-free cathode sample
employing a lower 70.0 wt% SC slurry was possible owing to
reduced viscosity, although only the very first part of the coat-
ing was usable to produce good quality electrodes. Indeed, a
continuous casting process with the 70.0 wt% SC slurry was
hindered by the fast slurry gelation (Fig. S2, ESIt). Li-salts are
employed in small amounts and herein expressed in wt%pyqr,
i.e. the amount of additive with respect to the weight of PVdF
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used in the slurry formulation.

Rheological data of the additive-free 70.0 wt% SC slurry are
reported in Table 3 for comparison. LiODFB, LiTFSI and LiTFA
are tested as cathode slurry additives to investigate their effect
on slurry stability and they were tested at 2 wt%pyqr. Flow
curves can help predicting slurry stability by showing the
existence of a yield point and viscosity changes upon days of
storage can reflect the slurry segregation tendency (e.g. sedi-
mentation). Steady-state viscosity measurements are performed
keeping 50 s~ " as a suitable shear rate reference value lying well
within the processability window of the coating device; this
point can be optically localized following the grey vertical
reference line in the flow curves plots. From the flow curves
measured soon after mixing (Fig. 1(A)) for all the 2 wt%pyqr Li-
salts slurries only minor changes can be measured in viscosity
values and fall within the uncertainty of the measurement.

In Fig. 1(B) the flow curve of the top solution for all the
2 wt%pygr slurries after 3 days of resting time are plotted; the
rise of the viscosity at every shear rate compared to the value
measured directly after mixing as well as higher yield points
with their extended vertical branches in the low shear rate
domain are disclosing a stiff gel formation. A lower +55% slurry
viscosity increase is detected after 3 days (Fig. 1(B)) for LiTFA
(green curve), while LiODFB (red curve) and LiTFSI (blue curve)
score much higher viscosity surges of +125% and +155%,
respectively (Table 3). 2 wt%pyqr LiTFA proved itself to be a

Table 3 Rheological data of NMP slurries with NMC622 powder, PVdF binder and carbon black soon after mixing and after 3 days of storage

Slurry sample SC (Wt%) n(Pas)at50s ' -0h 1 (Pa s) at 50 s~ - 3 days Eeon (M m™>)-0h Econ (mJ m™3) - 3 days
Additive-free 70.0 0.52 4.1 40.6 97.6
LiTFA 0.5 Wt%pyar 75.5 3.5 12.4 25.0 104.7
LiTFA 1 Wt%pyar 75.5 2.9 6.9 — 35.1
LiTFA 2 Wt%pyar 75.5 2.5 3.9 — 27.4
LiODFB 2 Wt%pyar 75.5 2.7 6.0 — 39.0
LiTFSI 2 wt%pyqr 75.5 2.7 7.0 — 42.2
LiTFA 8 Wt%pyar 75.5 2.1 2.7 — 15.8
500 ; . ; . . T 10 500 T . . . 10
A -9 L9
/(-'?400- -8 g /(6\400— -8 -
o L, @ o [, @
[7)] ()] R
300 ~ = 6 300 ~ 3 -6
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(D P— 0, m U) — 0, (/2]
" 2004 LIODFB2%[, & 200 LIODFB 2%[ , o
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Fig. 1 (A) Flow and viscosity (full and dotted lines) curves soon after mixing of NMP slurries at SC 75.5 wt% with NMC622 powder, high M,, PVdF, carbon

black and 2 wt%pyqgr LITFA (green), 2 wt%pygr LIODFB (red) and 2 wt%pyqr LITFSI (blue). (B) Flow and viscosity curves of the same slurries after 3 days

storage.
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Fig. 2 (A) Amplitude sweeps (squares = G/, triangles = G, angular frequency w = 10 s™%) soon after mixing of NMP slurries at SC 75.5 wt% with NMC622
powder, high M,, PVdF, carbon black and 2 wt%pyqr LITFA (green), 2 wt%pyqr LIODFB (red) and 2 wt%pyqr LITFSI (blue). (B) Amplitude sweeps of the same

slurries after 3 days of storage.

more effective gelation retarding additive; nevertheless 2 Wt%pyqr
LiODFB and 2 wt%pyqgr LITFSI were also capable of guaranteeing a
smooth coating process thanks to slurries with a predominant
flowing-like character soon after mixing.

Since a precise determination of the yield point from flow
curves is not so easy, a better characterization of the slurry
aggregated state can be provided by oscillatory shear measure-
ments in the linear visco-elastic regions (LVR) of the samples.
In amplitude sweeps, whenever slurry gelation sets in (e.g. high
SC slurries), a large increase of the cohesive energy is normally
measured. Amplitude sweeps measured soon after mixing
(Fig. 2(A)) for all the salts at 2 wt%pyqr can, again, confirm
that all the slurries have a predominant liquid-like character
just after production, with LiTFA being the most liquid-like
viscoelastic sample (green curve). Indeed, the frequency sweep
measured soon after mixing, as reported in Fig. S1 (ESIY), also
corroborates the dominant flowing-like character for all the
slurry samples. From the amplitude sweeps measured after
3 days of storage (Fig. 2(B)) gelation driven effects become
apparent with G’ > G” in the LVR region for each 2 wt%pyqr
slurry sample, at variance with the soon after mixing measure-
ments and thus confirming the existence of a dominant gel
state. A higher E o, = 42.2 m] m™? gel strength upon storage is
measured for 2 wt%pyqr LiTFSI (blue curve), while weaker
cohesion states are calculated for 2 wt%pyqr LIODFB (red curve)
with Econ = 39.0 mJ m™* and for 2 wt%pyqr LiTFA (green curve)
with E.on = 27.4 mJ m™> (Table 3). All the slurries showed a
favourable predominant liquid-like character coupled with low
viscosities soon after mixing and, very importantly, gelation
effects were actively tuned and delayed, so that they become
visible only after 3 days of storage. In this latter respect, LiTFA
and LiTFSI are, respectively, the best and the worst gelation
controlling additive tested. An extended rheological investiga-
tion is then performed for LiTFA, the best gelation controlling
additive. This Li-salt allowed casting when used at concentra-
tions lower than 2 wt%pvyqr. The slurry study was performed for
the addition of various amounts of LiTFA in the range between

2098 | Energy Adv., 2023, 2,2093-2108

0.5 to 8 wt%pyqr. From the flow curves measured soon after
mixing for the LiTFA additive (Fig. 3(A)) a gradual decrease of
the gelation related slurry viscosity with increasing LiTFA
concentration is detected (Table 3). All the flow curves of the
freshly prepared NMP slurries display a pseudo-plastic beha-
viour with viscosity decreasing at increased shear rate; more-
over, the very steep vertical slope of all the flow curves
approaching the lower shear rate limit hint at the presence of
a yield point. The existence of a yield point becomes apparent
in the flow curves measured upon 3 days resting time for all
LiTFA concentrations (Fig. 3(B)) that also show a neat viscosity
rise at every shear rate compared to the viscosities, measured
soon after mixing. Small slurry viscosity increases are detected
after 3 days (Fig. 3(B)) for the two highest concentrations (+24%
for 8 wt%pyar (blue) and +55% for 2 wt%pyqar (green)), while a
high gelation related viscosity surge is detected for the two
lowest concentrations with +139% and +250% for 1 wt%pyqr
(black) and 0.5 wt%pyqr (red), respectively (Table 3). Amplitude
sweeps were measured, soon after slurry mixing, for all LiTFA-
containing samples as in Fig. 4(A). It’s shown in the figure that
higher additive amounts above 0.5 wt%pypr of additive yield
slurries with a predominant liquid-like character, as demon-
strated by the loss modulus G” being higher than the storage
modulus G’ over the entire shear strain domain. The lowest
additive concentration of 0.5 wt%pypr shows an opposite
behaviour with G’ dominating over G” in the low shear strain
domain (Fig. 4(A), red curve). This is a clear indication that a
predominant gel-like slurry has already formed upon mixing.
From the amplitude sweep measurements after 3 days of slurry
storage (Fig. 4(B)) it’s apparent that all the samples created a gel
network, which is represented by G’ > G” in the LVR region. By
calculating the energy of the aggregated state upon 3 days of
storage with eqn (1) for each LiTFA treated slurry (Table 3) there
is clearly a trend which sees a gradual decrease of the gel
strength going from 0.5 wt%pygr with the highest cohesion
energy down to 8 wt%pyqr with the lowest. Interestingly,
the lowest concentration of 0.5 wt%pyqr is the only one having

© 2023 The Author(s). Published by the Royal Society of Chemistry
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same slurries after 3 days of storage.

a G’ > G" LVR region already upon mixing; its cohesion energy
is Econ = 25.0 mJ m ™3, Finally, the time dependent processes of
the viscoelastic system can be measured in the LVR by applying
a fixed deformation at different frequencies in a frequency
sweep measurement. This measurement is like a unique fin-
gerprint of the slurry structure that can be very sensitive to
formulation changes and reveals its time related properties like
shelf-life stability (long-time storage), idle consistence or seg-
regation tendency’. In the long-time scale limit (v ~ 0),
whenever the loss modulus G” is dominating over the storage
modulus G’, the liquid-like character of the visco-elastic system
prevails (more energy will be dissipated through heat produc-
tion than stored elastically) and long shelf-life stability cannot
be expected. From the frequency sweep soon after mixing
(Fig. 5) for all the LiTFA additive amounts, the time response

of the visco-elastic slurry system is explored: all the

© 2023 The Author(s). Published by the Royal Society of Chemistry

measurements show the presence of a low o (0 ~ 0) G' >
G" inversion point which is shifting towards much higher
frequencies for the minimum amount 0.5 wt%pygr Of LiTFA
used (red curve). The minimum amount of 0.5 wt%pygr LiTFA
already has a predominant solid gel-like character all through
the frequency domain. This feature indicates that the slurry
could be stable upon prolonged storage and, if the strength of
its aggregated state is high enough, sedimentation of active
material is not expected. Nevertheless, coating problems can
readily occur when the strength of the slurry aggregated state is
too high. Hence, in conclusion, LiTFA, LiTFSI and LiODFB
employed as slurry additives enabled the casting of regular
coatings without gelation artefacts (at variance with the
additive-free electrode, Fig. S2, ESIt) in a continuous roll-to-
roll process by favourably tuning the rheology at the challen-
ging 75.5 wt% SC.

Energy Adv, 2023, 2, 2093-2108 | 2099
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Electrochemistry

Cycling experiments were carried out on NMC-graphite full
cells (pouch-cell format) as described in the Experimental
section. The electrochemical performance of 2 wt%pygr Li-
salts containing cathodes was tested against an additive-free
electrode as a reference sample (cathode and cell manufactur-
ing data are reported in Tables 1 and 2). During the formation
cycles at a low C-rate of C/20, the cells achieved a mean
discharge capacity of 165.6 + 1.9 mA h g ' with a narrow
spread amongst the different samples. The rate-capability test
(Fig. 6(A)) between C/2 and 5C (after 2 C/20 formation cycles)
shows comparable rate stability for all coatings, including the
reference (black curve). Slight capacity retention differences at
the highest rates of 3C and 5C fall within the uncertainty of the
measurement (control experiment in Fig. S6, ESIT). The long-
term cycling (Fig. 6(B)) further demonstrates faster degradation
for all additive-containing cells compared to the reference. The
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cathode coating containing LiTFSI performs close to the
additive-free sample in terms of capacity retention. To gain
deeper insights on high C-rate and long cycling behaviour,
differential capacity dQ/dV curves were analysed, as shown in
Fig. 7. The first symmetric 0.05C/0.05C (charge/discharge)
formation step is plotted as a black curve, while asymmetric
1C/3C curves are plotted from cycle 40 (dark red) until cycle
1000 (lightest red shade) for selected cycles. The high discharge
rates (3C) caused a broadening of the signals. Two main
oxidation peaks have been reported for NMC622 half cells at
3.64 V and 3.74 V vs. Li'/Li associated with the oxidation of
Ni**** to Ni** and a unique 3.66 V vs. Li*/Li reduction peak;
having Ni a formal mixed valence state of +2 and +3." When-
ever NMC622 is cycled in a full cell the aforementioned oxida-
tion peaks split into multiple peaks due to the coupling with
graphite anode multi stage insertion reactions;’°>> the area
under each peak is proportional to the capacity delivered by
each correspondent electrochemical process.”” Changes in the
first upper oxidation peak with an onset at 3.5 V (black curve)
are reported being mainly caused by reactions at the graphite
anode side."”**** The second main peak at around 3.6 V (black
curve) with its left (3.57 V) and right (3.71 V) satellite peaks are
dominated by the sequential Ni redox reactions of NMC622.
With increasing cycle number, their intensity/peak area
decreased, which is a sign of loss of active material that can
be caused by either structural changes while cycling, dissolu-
tion of transition metal ions or surface film modification.*” In
particular the depression of the peak at 3.71 V while cycling is
associated with changes of the lithium inventory due to SEI
formation and other electrolyte decomposition driven side
reactions.’®*® Looking at the anodic upper portion of dQ/dV
plots and moving from the formation step (black curve) to 1C
charging (red shaded curves) during battery cycling/aging all
peaks are broadening and moving to higher potentials. The
main peak at around 3.6 V (black curve) remains visible
together with the peak at 3.5 V (black curve) and the peak at
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Fig. 6 High C-rate performance of graphite-NMC full cells (A) and long-term cycling (B) for additive-free (black), 2 wt%pyqr LITFA (green), 2 wt%pyqr
LIODFB (red) and 2 wt%pyqgr LITFSI (blue) cathodes. Green outliers due to temporary potentiostat failure.
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Fig. 7 dQ/dV curves at the 0.05C formation step (black) and at 1C/3C (charge/discharge — red shades) during cell cycling for (A) 2 wt%PVdF LiTFSI,
(B) 2 wt%PVdF LIODFB, (C) 2 wt%PVdF LiTFA and (D) additive-free cells at cycles 1 (black), 40, 70, 100, 200, 400, 600, 800, and 1000 (lightest red).

3.71 V (black curve), which are still detectable as left and right
shoulders of the main peak. Two out of three cells containing
Li-salt additives show a pronounced main peak area decline,
which correlates with an increased loss of active material
through cycling compared to the reference. Specifically, the
2 wt%pyqr LiTFSI sample and the reference behaved largely
alike, showing noticeable smaller degrees of degradation as
compared to the 2 wt%pyqr LIODFB and 2 wt%pygr LiTFA
samples. Interestingly, an additional very first, small anodic
peak (green arrows) that was not present in the formation step
(black curve) develops through long-cycling for LiTFA and
LiODFB and, less pronouncedly for LiTFSI.

This peak, which is almost not present for the reference cell,
could probably be caused by anodic Li plating.'® From the
voltage difference between the main upper and lower anodic/
cathodic redox peaks (at around 3.6 V for the black curve) cell
polarization effects can be followed through cycling (Table S1,
ESIT); a higher polarization (AV) of the cell is associated with a
higher overall cell impedance and lower cycling performances.
As shown in Table S1 (ESIY), all cells have similar AV up to cycle
100, while from cycle 200 onwards, all additive-containing cells
developed higher overpotentials. In this respect 2 wt%pyar
LiTFSI is, again, closest to the reference performance, while

© 2023 The Author(s). Published by the Royal Society of Chemistry

the 2 wt%pyqr LIODFB and 2 wt%pyqr LITFA samples developed
notably higher polarization, in accordance with their faster
capacity fading.

In order to gain a more detailed understanding of possible
differences in the electrode processes, electrochemical impe-
dance spectroscopy (EIS) is employed as a way to gauge the
influence of the slurry additives on the electrochemical beha-
viour and on the electrode-electrolyte interface formed for
different cathode formulations. EIS measurements were per-
formed in a first series of experiments on fresh cathodes and,
subsequently, on fatigued cathodes after retrieval from cycled
pouch cells after 1000 cycles, using a 3-electrode setup with Li-
metal as the counter and pseudo-reference electrode. After one
conditioning cycle EIS was performed during OCV sequences
between constant current intervals of ASOC = 0.1 on a full
charge-discharge cycle. In Fig. 8 the EIS data for all four fresh
cathodes is shown at SOC = 0.8. The spectra are representative
for the impedance at SOC > 0.5. Although minor changes in
the Nyquist plot are still observed in the EIS spectra at high
SOC, they are notably smaller than in the early stages of the
charge process (SOC < 0.5). The complete dataset for each
sample from SOC = 0.1 to SOC = 1 is presented in Fig. S7-S10
(ESIT). It can be readily seen that the electrode impedance at

Energy Adv., 2023, 2, 2093-2108 | 2101
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Fig. 8 Measured Nyquist plot (empty squares) and simulated (solid lines
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The corresponding Bode representation is plotted in Fig. S11-S14 (ESI¥).

SOC = 0.1 and SOC = 0.2 deviates strongly in the low frequency
range. This effect is commonly ascribed to diffusion processes.
The lower frequency charge transfer arc becomes apparent for
electrodes at SOC = 0.2 or higher and, as also reported by
others,>>® its impedance rapidly decreases with increasing
SOC. The curves have been fitted with the SCRF*® model (inset
in Fig. 8) in which R,; is the uncompensated resistance between
working and reference electrodes. R, and Qcpgo are ascribed to
the contact impedance between the metal current collector and
the active electrode composite. Specifically, R, is the resistance
of transferring electrons from the metallic substrate to the
percolated conductive network of the electrode composite (CB
and/or AM contacting particles) and Qcpgy is the constant phase
element which accounts for the double layer that is built up at
the current collector metal interface (i.e. Al,O; or any passiva-
tion layer on the Al foil). Rf and Qcpgr are linked to surface film
formation on the carbon-black and active material particles at
high potentials originating from electrolyte degradation (cath-
ode-electrolyte interphase, CEI, formation) or changes at the
particle interface, e.g. by oxygen evolution reactions. The use of
the SCRF model taking into account passivation or surface
layers appeared to be the most suitable option for the analysis
of the coatings due to the well-known reactivity of NMC622 with
any moisture or air during processing and storage."” R; and
Qcpr1 represents the charge transfer resistance for the insertion
reaction and the corresponding double layer capacitance. In
series to R; an open Warburg element W, is used in order to
express the electrolyte diffusion resistance.

Table 4
the average of 2 different impedance measurements
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Note that during the equivalent circuit fitting, the CPE
exponent o was limited to a value of 0.75 (for an ideal capacitor
o would be 1). The fact that o approached the lower set limit
indicated a strong deviation that is typically explained by
combinations of several non-ideal capacitive contributions
such as surface roughness, distribution of reaction rates and
varying thicknesses of surface layers.” The Nyquist plot for the
additive-free sample is depicted as a black curve in Fig. 8, where
it shows a small high frequency arc due to the contact impe-
dance together with a broadened semicircle extending from
medium to low frequencies. This latter semicircle encompasses
both surface film impedance and charge transfer impedance,
respectively. It is apparent how the introduction of additives in
the coatings caused an overall increase in the charge-transfer
and interfacial impedance compared to the additive-free refer-
ence. In particular, as can be seen from the LiODFB- (red),
LiTFSI- (blue) and LiTFA-containing (green) samples in Fig. 8,
every additive addition causes a notable increase in the high
frequency arc, while the medium-low frequency arc expands
notably only when employing LiODFB and LiTFA, respectively.
Interestingly, if LiTFSI is considered, the medium to low
frequency response remains very close to the reference
(additive-free) sample. The model parameters obtained from
the equivalent circuit fits are shown in Table 4 and indicate that
the major impedance increases with respect to the additive-free
sample originated from the contact resistance R,. R, increases
in magnitude in the order additive-free < LiTFSI < LiODFB <
LiTFA. Also, the active material surface film resistance Ry is
increased, especially for LiODFB. For LiTFA- and LiTFSI-
containing samples the values are notably smaller, but higher
than for the additive-free sample. The charge transfer resis-
tance R; showed slightly higher values for all additive-
containing cathodes. Finally, the uncompensated resistance
R in the additive-containing samples show lower values than
the additive-free formulation. According to the SEM images of
ion-milled cross-sections of pristine calendered electrodes
shown in Fig. S3-S5 (ESIt), the addition of additives did not
alter the electrode morphology in the dry state.

Post-mortem SEM images of ion-milled cross-sections
(Fig. 9) are also taken for fatigued cathodes, which were
retrieved from their respective cycled pouch cells after 1000
cycles. As clearly illustrated by the SEM images, electrode
delamination after long-cycling is present for all the 2 wt%pyqr
additive-containing electrodes, whilst intact Al/composite con-
tacting is retained only by the additive-free electrode. Moreover,
cracking of AM after long cycling is detected only for the
additive-free sample in Fig. 9(D). EIS measurements were also

Impedance SCEFR fitting parameters at 0.8 SOC for additive free, 2 wt%pyqr LITFA, 2 Wt%pygr LIODFB and 2 wt%pyqr LITFSI cathodes; all values are

Sample Re (Q] Ry (Q) QcpEo (S X Sa) ocpeo RoQcpeo (Sx) Ry (Q) Qcpef (S X S“) ocpef ReQcper (Sy) Ry (Q) Qcre1 (S X Sa) ocper R1Qcpe1 (Sx)
Additive-free 1.3 0.5 9.8 x 10°° 1 49 x10° 3.9 24x10° 0.84 9.4 x10° 2.1 2.7 X 1072 0.75 5.7 x 1072
LiTFA 0.3 57 22x107*  0.89 1.3x10° 6.2 43x10° 078 27x10% 33 49x10% 0.86 1.6 x 10"
LiODFB 0.4 3.2 3.9x107* 0.75 12 x10° 10.0 2.6 x10™° 0.75 2.6 Xx 1072 4.7 42x10%2 0.75 2.0x 10"
LiTFSI 0.5 2.0 4.5 x10* 078 9.0x10* 46 80x10° 0.75 3.7 x 102> 3.6 1.2 x 1071 0.75 4.2 x10°*
2102 | Energy Adv., 2023, 2, 2093-2108 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Left: Post-mortem SEM images of ion-milled cross-sections of fatigued electrodes (after 1000 cycles) of 2 wt%PVdF LiTFSI (A), 2 wt%PVdF
LiIODFB (B), 2 wt%PVdF LiTFA (C) and additive-free (D). Right: Nyquist plots (two different cells) of fatigued (after 1000 cycles) NMC622 electrodes at 0.8
SOC for the 2 Wt%pyqgr LITFSI, 2 wt%pygr LIODFB, 2 wt%pyqr LITFA and the additive-free cathodes. Frequency range from 50 mHz (right) to 20 kHz (left).

The corresponding Bode representations are plotted in Fig. S15-S18 (ESI¥).

performed on fatigued cathodes to shed more light towards
cathodic capacity fading mechanisms after 1000 cycles, as
shown in Fig. 9. For each electrode formulation two different
electrode samples were transferred into the 3-electrode
setup. Compared to the previous measurements the variance
between electrodes of the same type (and from the same
electrode), has considerably increased in the mid- to low-
frequency regions of the additive-containing electrode for-
mulations. The deviation is particularly large in the case of
the LiODFB-containing samples. Therefore, a qualitative
discussion of EIS is pursued. The EIS results show consistent
changes in the high- and mid-frequency region that was
previously ascribed to the contact impedance, which expands
notably in fatigued samples and, in particular, when Li-salts
are used as additives. Indeed, the breadth of the high

© 2023 The Author(s). Published by the Royal Society of Chemistry

frequency arc, to which the contact resistance is most likely
a major contributer, is notably lower for the fatigued
additive-free cathode, when compared to the other samples.
Among the additive-containing samples, 2 wt%pyqr LiTFSI
shows the lowest contact resistance, which is consistent with
the measurements conducted after one cycle (Fig. 8), fol-
lowed by 2 wt%pygr LiTFA, and by the 2 wt%pygr LiODFB
sample that suffered a significant increase in cell impedance.
Apparently, higher contact resistances when Li-salts are used
correlate with the loss of contact at the Al/composite inter-
face, as shown in the post-mortem SEM cross-sections in
Fig. 9 and Fig. S20 (ESIt). When considering the medium to
low frequencies semicircle due to surface film and charge
transfer impedance, the arc widths for 2 wt%pyqr LiTFSI,
2 Wt%pyqr LITFA and the additive-free cathode are similar
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and their differences fall within the uncertainty of the
measurements.

Discussion

In the first section of this work, it was shown that Li-salts can
actively delay the gelation and reduce the viscosity of PVdF-
based slurries, thus allowing slurries with higher solid content
(SC). Based on molecule adsorption experiments reported by
others,> the complexation of basic sites on the NMC622 sur-
face by chemical coordination with Li-salts is envisaged as the
main mechanism behind the observed slurry rheology changes.
Li-salts in the slurry provide Li" ions to the basic oxygen sites on
the NMC622 surface. Hereby, the electron-accepting Lewis-
acidic Li" ions can neutralize the electron-donating Lewis-
basic oxygen sites on the NMC622 surface by means of electro-
static acid-base interactions. PVdF is known to be a Lewis-
acidic polymer®® that, owing to its dipole moment between
neighbouring CF, and CH, units, typically adsorbs only onto
Lewis-basic oxide surfaces.®” Hence, Li* ions can change the net
AM surface charge by turning negatively charged Lewis-basic
oxygen sites into positively charged electron-accepting Lewis-
acidic sites. As a result, PVdF adsorption and therefore bonding
to the AM surface can be partially prevented owing to the Li"
ions in the slurry. Moreover, it should be considered that
surface adsorbed Li" ions on the NMC622 surface may also
be coordinated by their respective anions, thus resulting in
different PVdF-surface interactions depending on the chemical
nature of the anion. The binding strength and surface coverage
may depend on the specific Li-salt anion used and on its
peculiar properties such as electron-donating (basic) character
or polarizability. Each Li-salt thus creates a unique surface
chemistry, which is summarized in Fig. 10.

~ LiIO® OLi

s° W L
'SE .0\ NMC622

LIODFB o o

F-B-0
F
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Therefore, Li-salts can actively hinder chemical slurry gela-
tion by neutralization of the NMC622 surface basic groups and,
at the same time, they can also reduce physical slurry gelation
by partially preventing PVdF binder adsorption.

From an electrochemical perspective, the impedance and
capacity retention improve in the order LIODFB < LiTFA <
LiTFSI < additive-free. When comparing the uncompensated
resistance R, it is the additive-containing samples that show a
lower R, than the additive-free formulations. This could be due
to additional Li-salts in in the electrode pores, which locally
improve the ionic conductivity. In terms of contact-resistance,
R,, the lowest value was found for the additive-free formula-
tions. Interestingly, it is the LiTFSI and LiTFA sample that
showed a slightly improved rate-capability over the additive-free
and LiODFB-containing sample, despite the fact that R, was
highest for LiTFA. From the EIS data it is apparent how the
introduction of additives in the coatings caused an overall
increase in the charge-transfer (R,) and interfacial impedance
(Rf) compared to the additive-free reference sample. As shown
in Table 4, the surface film resistance R; is more than doubled
in the case of LIODFB and significantly increased for LiTFA,
whereas with LiTFSI as slurry additive, Ry is close to the value
observed for an additive-free electrode. We hypothesize that
different NMC622 surface adsorption of the three Li-salt anions
could correlate with diverse surface film resistance R; values, so
that, in particular, the enhanced adsorption of ODFB™ at the
NMC622 surface may be related with the highest Ry for this
additive. Moreover, ODFB" is less likely to form a passivation
layer (CEI) owing to its better electrochemical stability and thus
not decomposing while cycling. Generally, the use of 8 fitting
parameters can easily lead to an over-parametrization, espe-
cially when the relaxation frequencies of processes in the mid
to low frequency range are similar. For instance, the Nyquist

fEF H
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Fig. 10 Scheme of Li* ions neutralizing the basic surface sites (dark grey region — not in scale with the particle size) of NMC622 in the slurry. Adsorbed
Li* ions are complexed by Li-salts” anions. PVdF attractive and repulsive acid—base interactions with surface species are represented by blue and red

dotted arrows, respectively.
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plot for the additive-free sample, depicted as a black curve in
Fig. 8, shows a small high frequency semicircle due to the
contact impedance followed by a broadened semicircle extend-
ing from medium to low frequencies. In samples containing
slurry additives, the expanded mid to low frequency arc is even
more clearly visible. With exception of the LiODFB sample,
where the two RQ circuit elements in the mid to low frequency
domain can be distinguished, it is challenging to separate
individual contributions unambiguously for the other formula-
tions and thus larger uncertainties in the parameter values are
to be expected when comparing their values and interpreting
their impact on the overall electrochemistry. Specifically, this
can be expressed by the magnitude of the relaxation frequen-
cies, which only applies strictly when capacitors are used
(not CPEs). However, for a-values > 0.75, the product of R
and Q should yield an estimate of the relaxation frequency
according to eqn (2).

RQ = = (RO) ©)

As can be seen in Table 4 the relaxation frequencies of the
individual RQ circuit couples in the equivalent circuit are about
an order of magnitude apart from each other (R, one order
apart from R¢ and Rf one order of magnitude apart from Ry,
respectively). Only in the additive-free sample R¢Qcpgs and
R1Qcpr1 are separated by only half an order of magnitude,
while the RoQcpro €lement is more clearly separated from the
RiQcprsr €lement by two orders of magnitude. It should be
highlighted that values found for R and R, are in same range
between 2 to 10 Q, thus making it challenging to derive clear
trends. In more general terms it can be said that the sum of R
and Ry(R; + R;) correlate to some extent with the long-term
capacity retention.

Similar to the NMC surface, the Al current collector exhibits
a native Al,O; surface that is basic by nature®® and thus
possesses a population of unsaturated Lewis oxygen sites that
can be coordinated in the same way as shown in Fig. 10 for the
NMC surface. Augmented Al surface passivation due to Li-salts
adsorption could explain higher R, values compared to the
additive-free reference and, in particular, LiODFB and LiTFA-
containing samples that show the highest R,. We hypothesize
that the surface adsorbed Li" ions onto the native alumina layer
at the current collector are still strongly interacting with the
ODFB™ anions, due to their pronounced polar nature. As a
result, adsorption of PVdF is facilitated, owing to the overall
negative surface charge generated by the adsorbed anions. In
this case PVAF might coordinate adsorb ODFB™ anions, as
depicted in Fig. 10 for the NMC case. Whereas for LiTFSI and
LiTFA, PVdF adsorption is more pronouncedly hindered due to
the non-neutralized and positively charged Al surface, which is
most likely complexed by adsorbed anions only to a lesser
extent. This speculated mechanism agrees with the much better
adhesion values of the LiODFB coating (as good as for the
additive-free electrode) and with the much lower values mea-
sured for LiTFSI and LiTFA (Table 2). Moreover, replacement
of adsorbed Li-salts’ anions at the Al current collector surface

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(i.e. at the Al/composite electrode interface) with species of the
electrolyte (carbonate solvents/LiPF) while cycling can explain
the delamination tendency observed in the post-mortem SEM
cross-sections (Fig. 9) of Li-salts containing electrodes. EIS
measurements were repeated on fatigued cathodes after 1000
cycles (Fig. 9) to shed more light on cathodic degradation
mechanisms. EIS clearly shows how the contact resistance at
the Al current collector is the main source of impedance growth
upon long cycling for Li-salt containing cathodes compared to
the additive-free reference. Higher contact resistances correlate
with poorer coating adhesion, which is most likely a result of
the altered adhesion properties between PVAF and the Lewis-
basic oxide surface of the Al current collector. It is striking that,
the best adhesion value measured for LiODFB corresponds to
the highest contact resistance among all samples in the post-
mortem EIS. Indeed, despite the good coating adhesion with
LiODFB as a slurry additive in the dry state, the EIS and SEM
results of the fatigued electrodes suggest adhesion failure.
These observations could be explained by anion exchange
processes, once the electrode is in contact with the liquid,
LiPF¢-based, electrolyte, leading to changes in the coating
adhesion properties. In particular, we hypothesize a superior
ODFB™ adsorption onto the Al current collector while casting
the electrodes compared to the TFSI™ and TFA™ anions, that
would promote, at variance with the other additives, a good
adhesion in the dry state and, at the same time, an increased
anion exchange rate with electrolyte species while cycling. This
latter process can hasten the contact loss of the coating from
the current collector upon long cycling and produces delami-
nation, which is then correlated to an increased contact resis-
tance due to the rise in Al passivation generated by LiPFs. One
important cause behind faster capacity fading, higher over-
potentials and active material losses for all the additive-
containing cells, as detected in the dQ/dV curves in comparison
to the additive-free cell, has to be therefore assigned to
increased contact resistance when employing slurry additives
and to the concomitant growth of insulating layers at the Al/
composite interface upon long cycling. Instead, the additive-
free cell shows notably reduced active material loss through
cycling and slower overpotential increase in the dQ/dV curves,
which can be linked to comparatively low R, and, as clearly
visible in the post-mortem SEM cross-sections of Fig. 9, to crack
formation on the NMC622 particles. Interestingly, the post-
mortem SEM cross-sections of Li-salts containing electrodes
(Fig. 9) show almost no cracking on NMC622 particles. It is not
excluded that slight cathodic delamination and replacement of
adsorbed species at the current collector surface upon long
cycling triggered the dissolution of tiny amounts of transition
metal ions that could, eventually, migrate and incorporate into
the SEI The post-mortem EDX analysis of all the cycled anodes
revealed an increased oxygen atomic fraction for all the additive
containing cells compared to the additive-free sample, espe-
cially for the LiTFA sample (Table S3, ESIt). The increased
oxygen content is attributed to an augmented SEI formation
with proceeding cycling. Although EDX-analysis could not
prove the presence of transition metal migration from the
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cathode to the anode, it cannot be excluded that traces below
the detection limit of EDX cause an accelerated SEI growth. The
dissolution of transition metals, even in very small amounts,
can pose severe threats to graphite anodes by decomposition of
the SEI layers. Ni, Co, and Mn can chemically react with pre-
existing SEI components, they can catalyse solvent reduction
into Li,CO; inside the SEI layers damaging its mechanical
integrity through crack formation, thus consuming mobile Li-
ions and forming more inorganic components.®*"*® It has been
reported®” that one single Mn>* ion integrated into SEI could
cause a loss of ~100 additional lithium ions, thereby hastening
the depletion of cyclable active lithium. Moreover, an increased
anodic side reaction was already hinted by the dQ/dV curves
analysis, where a very first, small anodic peak that was not
present in the formation step (green arrows in Fig. 7), devel-
oped along cycling for LiTFA and LiODFB and, less pronounc-
edly for LiTFSI. This peak, which is almost absent for the
reference cell, could be attributed to Li plating'® at the graphite
anode side and its effects are consistent with augmented SEI
formation for all the additive-containing cells, as elucidated in
the EDX analysis of cycled anodes (Table S3, ESIt). Particularly,
the highest oxygen atomic fraction detected for LiTFA is in
perfect correlation with the most pronounced anodic peak
development through cycling measured for this additive. Last
but not least, it cannot be ruled out that long-term capacity
fading effects could stem from TFA™ or any of the other anions
damaging the graphite. Indeed, co-intercalation of anions®®
into the layered carbonaceous anodic structure and their sub-
sequent decomposition may lead to graphite exfoliation or
premature disintegration through gas formation.

Conclusions

Three Li-salts, namely LiTFA, LiTFSI and LiODFB have been
herein investigated as different slurry additives. Their potential
as multi-purpose additives capable of encompassing the bene-
fits of both processing and electrolyte additives have been
carefully explored at the pilot scale. They were selected because
they do not represent fundamentally new battery components,
by virtue of being, already, well-known electrolyte salts or
additives. Their use as slurry additives is therefore more
suitable than that of new substances, that could, potentially,
lead to unknown interactions within the complex battery
system. It was shown how Li-salts can, even in very low
concentrations, actively delay chemical and physical slurry
gelation by hindering PVdF binder adsorption through neutra-
lization and complexation of the NMC622 surface basic groups.
Through the use of these additives, gelation was actively tuned
so that processing of super high 75.5% wt. SC NMC622 slurries
became possible, going beyond the standard processability
limits previously reported in the literature.®® LiTFA proved itself
to be the most effective additive in controlling gelation and its
usage guaranteed much lower viscosity and E.,}, increases upon
3 days of slurry storage compared to the other additives at
the same concentration. Manufacturing of the additive-free
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electrode was possible only using a much lower 70.0 wt% SC
slurry due to extremely high slurry viscosity at 75.5 wt% SC.
Moreover, continuous casting of the additive-free slurry was not
possible due to fast (right after mixing) slurry gelation hinder-
ing the ongoing roll-to-roll process (Fig. S1, ESIt). The long-
term cycling in a full cell with a graphite anode (Fig. 6(B))
showed faster degradation for all the additive-containing cells
compared to the reference and, in particular, the LiTFSI cath-
ode cell performed close to the additive-free sample in terms of
capacity retention after 1000 cycles. Post-mortem EIS measure-
ments were performed on fatigued cathodes after 1000 cycles
and they demonstrated how contact resistance at the Al current
collector is a main source of impedance growth upon long
cycling for Li-salt containing cathodes compared to the
additive-free reference. Indeed, Li-salts localized at the Al sur-
face can accelerate electrode delamination from the current
collector (as shown in SEM images of ion-milled cross-sections)
and favour a more pronounced Al passivation by replacement
of adsorbed Li-salt anions with electrolyte species. In this
respect, LIODFB and LiTFA scored higher R, values due to their
stronger adsorption tendency towards the Al current collector
when compared to LiTFSI. One main cause behind faster
capacity fading, higher overpotentials and active material
losses for all the additive-containing cells compared to the
additive-free cell was identified as a positive electrode effect;
in particular, owing to increased contact-resistance when
employing slurry additives and to the concomitant growth,
upon long cycling, of insulating layers at the Al/composite
interface. Secondly, as suggested by the dQ/dV curves analysis
and by the post-mortem EDX investigation of cycled anodes, an
augmented SEI formation at the graphite anode is envisaged as
a second main aging mechanism when employing Li-salts, in
particular LiTFA. Negative electrode exacerbated degradation
when employing slurry additives could stem from Li plating at
the anodic side or from co-intercalation of Li-salts’ anions into
the layered graphitic structure. Therefore, contrary to the pre-
viously reported results in the literature,'® this work highlights
a common problem”® in battery research as experienced these
days: laboratory scale results are poorly transferable to the pilot
scale. Despite the decreased capacity retention upon long-
cycling, both process and material-related benefits are found
from including electrolyte salts in the slurry processing step,
such as drastically reduced slurry viscosity as well as dimin-
ished particle cracking over an extended number of cycles. This
work seeks to support the research community to further
develop and advance ideas with respect to multi-purpose
additives, by providing insightful details into failure mechan-
isms and by pointing out potentials, limitations and problems
of this new challenging approach.
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