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Electrode formulation with water
soluble binders

As described in chapter 111.3, corrosion of the aluminum current collector is an issue occurring upon the
processing of transition metal oxides as cathode or anode active materias. Following, we introduce three
approaches to avoid corrosion and therefore enhance the electrochemical performance ofwater-processed
Li-lon battery electrodes.

Introduction

In the course of the GREENLION Project three paths to avoid aluminum current collector corrosion have
been investigated:

a) Carbon coating of the aluminum current collector (analog ously to chapter I11.3)
b) Encapsulation of the active material particles
c) Adjustment of the slurry pH value.

After the screening of several natural polymers as watersoluble binders, sodium carboxymethyl cellulose
(CMC) was chosen for the comparative study of current collector corrosion. However, electrodes
incorporating lower amounts of binder (and therefore an increased amount of active material) ha ve been
developed in parallel, taking care that the approaches reported here are also applicable to these latter
electrode formulations. As active material LiNi1zCoysMn1302 (NMC) was chosen, which exhibits pHs
above 11 whendispersedin water. As conductive additive SuperC45 (IMERYS) was used.

Carbon Coating of the aluminum current collector

As described in chapter 111.3 a carbon coating on top of the aluminum foil shifts the onset of aluminum
corrosion to higher pH values. However, a complete inhibition of corrosion was not achieved. In the
GREENLION Project, coating of the aluminum foil was self-made by a doctor blade technique.The carbon
dispersion applied was “Li-Quid 101" (IMERYS). The purpose of the carbon layer is tophysically separate
the aluminum foil from the corrosive electrode slurry and therefore prevent any current collector
degradation.

To explore the occurrence of corrosion, NMC (water-based) electrode formulations were cast onto
aluminum current collector s. The solvent (water) was removed from the electrode tape by drying at room
temperature or 80 °C in an oven. After subsequent removal of the coating layer with deionized water, the
current collectors’
¢) SEM micrographs of the surface of cleaned aluminum foils are depicted. Comparing these images with
the surface of pristine aluminum foil (Fig. 1a), corrosion pits of various sizes are observable everywhere on
the foils, which were coated with electrode slurry. Though, a higher quantity of pits with larger
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dimensions are present in the case ofelectrodes previously dried at 80°C (Fig. 1c). At afirst glance, these
results seem to be counterintuitive, since aluminum current coll ectors of electrodes dried at room
temperature were much longer in contact with the corrosive wet slurry (approx. 1h) than electrodes dried
at 80°C (approx. 10 min). However, at el evated
aluminum oxide layer is increased and therefore corrosion pits can grow faster since lessactivation energy
in needed. To prevent the above mentioned corrosion issues a carbon coating layer is applied onto the
surface of the current collectors, as depicted in figure 1f. The carbon interlayer, consisting of fine carbon
particles, appears dense and compact and doesot seem to be penetrated by the overlaying electrode
slurry — therefore forming a physical barrier between the corrosive wet slurry and the current collector
surface. SEM images of the aluminum surface of current collectors after the removal of electrode slurry
and carbon coating layer (2 um and 5 um thickness) are depicted in figure 1d and e. Only a few, small and
superficial corrosion pits are still observable (see magnification panel in figure 1d) in the case ofthe 2 pm
thick carbon coating layer, indicating that some corrosive ionic species are still able to reach the
aluminum surface. Nevertheless, the comparison of figure 1e (5 um thick carbon layer) and figure la
(pristine aluminum foil) leads to the conclusion that the 5 um carbon interlayer is not permeable to any

corrosive wet slurry species and therefore successfully preventd he cur r entorrasionl | ect or s

temper



Figure 1. SEM images of aluminum foil surface: bare Al prior electrode processing (a), bare Al after

electrode processing with room temperature drying (b), bare Al after electrode processing with 80 °C
temperature drying (c), pr ot ect ed Al foil w iaftehele@rodp pnocessing ithB0 °€o at i ng
(d), protected Al foil with 5 uyum car bon (&.Aarss segtiomf t er
image of an NMC electrode coated on Alcc foil is presented in micrograph f. (Reproduced with

permission from [1]. Copyright 2013 Elsevier B.V.)

To evaluate the effect of corrosion on the cathodeé slectrical properties, symmetric cells were realized and
investigated by electrochemical impedance spectroscopy (EIS). For this purpose two equal NMC
electrodes, deposted on either bare aluminum or Al -cc foils, were assembled in vacuumsealed, pouch
bag type cells.The comparison of impedance spectra of un-pressed and pressed electrodes coated on bare
aluminum and Al -cc (i.e., with and without the carbon protective layer) is presented in figure 2. As can be

3.

e



[@roisle

easily identified on the basis of the left (high frequency) intercept of the impedance curves with the lower
axis, the cell impedance spectra show no difference in electrolyte resistance.
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Figure 2: Nyquist plots of symmetrical cells (NMC electrodes coated on bare aluminum and Akcc foils) in
1M LiPF6 in 1:1 EC/DMC at 20 °C. Frequency range: 100 kHz1 Hz. (Reproduced with permission from
[1]. Copyright 2013 Elsevier B.V.)

Concerning the lower frequency region of the impedance spectra, broad and depressed semicircles are
observable, which are associated with electrolyte/ electrode charge transfer phenomena. This feature
clearly depends on the pressing of the electrodes and, more importantly, on the presence ofthe carbon
coating interlayer. Especially, the charge transfer resistance, which is represented by the semicircle
diameter, is obviously higher when bare aluminum foil was used as current collector. Since an increased
charge transfer resistance contributes to the cell overvoltage during charlge and discharge processesthe
higher resistance results in the poorer electrode performance. Therefore, the beneficial effect of
preventing aluminum corrosion by application of the carbon coating layer is obvious. The charge transfer
resistance is heavily dependet on the electrode/electrolyte interface but also the overall electronic
conductivity of the electrode. This fact is of crucial relevance in the discussed case, since the reduced
charge transfer resistance originates from the prevention of aluminum corrosion (especially insulating
corrosion products) and the simultaneous increase in electronic conductivity, due to the high electronic
conductivity of the carbon coating interlayer. Moreover, the absenceof corrosion products, which deposit
on the aluminum surface as well as on top of the active material particles, does not depressthe electronic
conductivity throughout the complete electrode.

Bearing this in mind, lab scale (full) Li -ion batteries were manufactured to evaluate the electrochemical
performance of cathode electrodes comprising an Alcc foil. Anode electrodes were comprised of SLP30
(IMERYS) graphite as active material, Super C 45 (IMERYS) as conductive additive and CMC as electrode
binder, coatedonac opper f oi | . By using the electrodes’

balanced to a cathode/anode capacity ratios ranging from 1/1.24to 1/1.34. The electrochemical
performance of such cells is displayed in figure 3 a andb. The cathode electrode exhibited an active
material mass loading of approx. 7.6 mgcm-2 while the anode had an areal active material loading of
3.2mg cm-2. After the first 1000 charge (constant current) and discharge (constant current constant
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voltage) cycles at a 1C rate, the completely CMébased Li-ion battery still reached a specific capacity of
104.3 mAh g-NMC, which corresponds to a remarkable capacity retention of almost 84% and, therefore,
an average coulombic efficiency higher than 99.95% (fig. 3a). During the second 1000 cycles on equal
terms, the full -cell reached a capacity retention lower than 80% of the initial capacity after 1293 cycles.
However, after completion of 2000 charge/discharge cycles, a specific capacity of 85.38mAh g-NMC
was still delivered, which corresponds to a capacity retention of almost 70%. A few selected voltage
profiles of the Li-ion cell at a current density corresponding to 1C are displayed in figure 3b.Upon aging of
the full cell, the slight increase in electrode polarization (esp. during the first 1000 cycles) and the
moderate shortening of the sloping Li-insertion (into NMC) plateau (esp. during the 1000 t to 2000t
cycle) upon cycling result in the very modest capacity fading of the battery. Nevertheless, highcoulombic
efficiencies during the overall 2000 cycles of 99.96% were reached. Certainly, considering the cell
manufacturing on a lab-scale level,these values are quiteexceptional for an entirely aqueous processed
Li-ion battery.
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Figure 3: Specific capacity and efficiency (a) and selected voltage profiles (b) of a full Liion cell
comprising a NMC cathode electrode and a SLP30 anode electrode. (Reproduced with permission from
[2]. Copyright 2013 Elsevier B.V.)
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Encapsulation of active material particles

Another approach investigated in the course of the GREENLION Project was the utilization of a polymeric
binder mixture which on the one hand fulfill the primary duties of an electrode binder (ensure cohesion

and adhesion) and on the other hand actively suppresses aluninum current collector corrosion. For this
purpose we chose a mixture of CMC and a waterborne polyurethane (EVONIK, blocked
isophoronediisocyanate (IPDI) emulsified in water, one component heat curing system) as binder system.

After verifying the thermal stability at the intended elec trode drying temperatures and the electrochemical
stability for the planned electrode cut-off potentials, several cathode formulations were prepared and
tested. Incorporating the binder mixture to the aqueous electrode processing allows to reduce the total
binder amount to only 3% of the total solids weight, as depicted in table 1.

Table 1: Formulation of electrodes. Table 2: Composition of the binder (mixtures) for the
prepared electrodes.

Cathode CMC | Polyurethane | Total binder | Acronym
composition [wt.%] (%) (%) amount (%) | Cathode
Active Material 90 a) 3 0 3 RefC
Conductive Agent 7 b) 2 1 3 Cl
Binder 3 C) 1 2 3 c2

(Tables redrawn from [3] . Tables by Loeffler et al., licensed under CC BY 2.D

The investigated binder mixtures for the electrode formulations are reported in table 2. Figure 4 depicts
the discharge capacity of halfcells, comprising the electrode formulations described in table 2, at a 1C
charge/discharge rate for 100 cycles.Evidently, the RefC cathode electrode suffers from a distinct capacity
fading upon cycling. Clearly observable from the 10t cycle (121mAh g% on, the average capacity loss
exhibits 0.19 mAh g1 per cycle, resulting in a capacity retention of only 86% (104 mAh g?) after 100
cycles. In contrast, for the C1 cathode electrodes a different trend is obvious in figure 4. A remarkably
stable cycling performance with an average capacity loss per cycle of only0.09 mAh g (after the 10t
cycle) and a capacity retention of 93% after 100 cycles is observedHowever, superior electrochemical
performance is shown by C2 cathode electrodes. Despite the fact, that the enhanced capacity might
originate from the lower areal loading of C2 electrodes (3.1mg cm2 compared 5.1mg cm2 and 5.4 mg cm-
2 for C1 and RefC, respectively) these cathodes donot seem to suffer from any distinct capacity fading.
Bearing in mind, that a notable capacity fading has always been observe in water-processed, metal oxide
based electrodes due to the corrosion of the aluminium current collectors, these results are even more
surprising. Therefore we suppose that polyurethane is somehow avoiding such a corrosion.
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Fig. 4. Cycling performance of the different cathode electrode formulations: (triangle) RefC, (square) C1,
(circle) C2. (Reproduced from [3] . Picture by Loeffler et al., licensed under CC BY 2.0)

To learn more about the role of polyurethane as a binder, SBM images of various cathode electrodes were
taken (Fig. 5a-c). Again, to gain an insight on the current collector corrosion, the electrode material was
removed and SEM images of the surface of the current collectors were taken (Fig. 5df). The typical
morp hology of NMC powder with tiny primary particles (0.5 to 1 um) agglomerated into larger secondary
particles (5 to 10 um), which are surrounded by the network of conductive carbon nanoparticles is
observed in figure 5a. The addition of polyurethane, as evident from figures 5 b and c, results in the
appearance of a distinct polymeric layer on the surface of the NMC particles. Since the primary NMC
particles can hardly be recognized in C2 (Fig. 5c), the extent of the polymeric layer seems to be strongly
depended on the amount of polyurethane added. Interestingly, a decrease in pitting corrosion
(dissolution) is observed on the underneath aluminium current collector, with an increasing amount of
polyurethane in the cathode electrode formulation. While corrosion pits are large and deep on the surface
of current collectors formerly coated with RefC electrode formulation (Fig. 5d), their size decrease with
addition of polyurethane, which seems to inhibit the onset of aluminium corrosion. For C2 electrodes only
small and superficial features are observable.Given the fact that aluminium corrosion arise from the high
pH achieved when the NMC active material gets in contact with water, it is plausible to assume that the
observed encapsulation of the active material particles by the polyurethane binder fraction diminishes the
interaction bet ween the metal oxide and water.




Fig. 5: SEM images of the RefC(a), C1 (b), C2 (c) cathodes and the corresponding aluminium foils after
removal of the coating, respectively (d-f). (Reproduced from [3]. Picture by Loeffler et al., licensed under
CC BY 2.0)

We conclude that the investigated polyurethane/CMC mixture is a viable aqueous binder for Li-ion
battery electrodes. Subsequent to thermal crosslinking, polyurethane is thermally (up to 170°C) and
electrochemically (between 0.02 — 5,00 V) stable, while allowing the crossover of electrolyte ions. The
encapsulation of active NMC cathode particles by polyurethane during the slurry mixing, coating and
drying process greatly reduces the corrosion of the cathodic (aluminium) current collector.
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A third approach for enabling the aqueous processing of cathode electrodes with oxides as active material
researched in the GREENLION Project is the modification of the pH value. In theory addition of an acidic
compound counteracting the strong rise of pH, when metal oxide active materials get in contact with
water, is a straightforward method. Hence, the pH can be shifted to values where the aluminium foil is
stable against corrosion (see Pourbaix diagram in chapter 111.3). In practice, however, the introduction of
acids to electrode formulations may raise someissues: a) metal oxides are prone to chemical attack by
acid species (leaching and dissolution reactions), b) acidic species might detrimentally interact with the
polymeric binder, c) dissociation products of the acidic compound might remain in the electrode after
coating and drying and subsequently interact with electrolyte compounds and/or react upon potentials
applied.

Adjustment of the slurry pH value

In the GREENLION Project formic and phosphoric acid were investigated as possible pH modifiers for
cathode electrode formulations. Formic acid decomposes at 100°C and might therefore be removed
without trace from the cathode electrode during the drying step. Phosphoric acid is already used in
battery field, mainly as precursor for active material synthesis and/or particle coa tings, however, these
applications require calcination steps of several hundred degrees. Concerning the acidity, the three
proton phosphoric acid has pKal = 2.2 pKa2 = 7.2 and pKa3 = 12.3 Formally, it is a stronger acid
compared to formic acid, having a pKa of 3.77.In Figure 6 the half-cell cycling performance of cathode
electrodes a) without pH adjuster, b) with formic and c) with phosphoric acid are shown.
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Fig.6: Cycle performance of NMC cathode half cells (a) without; (b) with formic and (c) with phosphoric
acid treatment. (Reproduced from [4])

A clear trend becomes visible: dectrode slurries incorporating the acid as pH-modifier exhibit an

enhanced cycling stability (lesser capacity fading per cycle). However, comparing the performance of
formic and phosphoric acids, the latter obviously show a superior performance in terms of achievable
specific capacity as well as cycling performance These results are somewhat surprising, since the stronger
phosphoric acid should lead to an increased active matrial decomposition and consequent leaching of the
transition metal s from the NMC crystal structure, which , in turn , givesrise to a more pronounced decay of
the half cells’ electrochemical properties. Obviously, the contrary is the case. The origin of the described
performance improvements are still not fully clarified, however, investigations on this matter are ongoing.
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