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ABSTRACT

Lithium-ion batteries have dominated the field of electrochemical energy storage for years due to their high energy density.
Recently, with the rapid development of E-mobility, the quest for high power and high energy batteries with reduced
production costs has aroused great interest and is still a huge challenge. The energy density at battery level can be increased
by using electrodes with thicknesses > 150 um. However, capacity fade of thick-film electrodes at C-rates > C/2 is
observed. To compensate the capacity loss, 3D architectures with a high aspect ratio are produced using ultrafast laser
ablation. In addition, aqueous processing of cathodes using water-based binders can achieve environmentally friendly
production and cost reduction by replacing the conventional organic PVDF binder and the toxic and volatile NMP solvent.
However, the pH value of aqueous processed cathode slurries increases to 12 due to the reaction between active material
and water, which decreases the specific capacity of the cells and on the other side results in chemical corrosion of the
current collector during casting. In order to determine the optimal pH range and avoid the damage of the current collector,
slurries with pH values ranging from 8 to 12 are manufactured.

In this work, thick-film Li(Nio.sMno2C00.2)O- electrodes are manufactured with aqueous binders and acid adjustment, and
are subsequently structured using ultrafast laser ablation. This combination is beneficial to achieve green production, low
cost, high power, and high energy application of lithium-ion batteries.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have been a great success in energy storage applications due to their high energy density,
good safety, and long cyclic stability' . Besides, the specific energy of LIBs continues to grow at 6 %/year>. However,
there are still many challenges waiting to be solved in order to make LIBs application in automotive industries competitive
against conventional combustion engines. The production cost as well as energy density of LIBs are crucial factors that
limit the widespread of application of LIBs in electric vehicles industries.

There are several approaches to reduce the battery production cost. The first method is to apply water-based binder instead
of the state-of-the-art polyvinylidenfluoride (PVDF) binder. PVDF must be dissolved in the solvent N-methyl-pyrrolidone
(NMP), which is expensive and highly toxic. Therefore, safety precautions such as ventilation and filtration devices are
required for the protection of worker’s safety®. Aqueous binders such as sodium carboxymethyl cellulose (Na-CMC) and
styrene butadiene rubber (SBR) are environmentally benign and have only about 1/10 costs compared to PVDF’. Besides,
during drying process, the removal of water solvent from electrode is 4.5 times faster than NMP solvent and the energy
consumption can be reduced by 1/10 for the processing®. Aqueous binders have already been successfully used for the
production of graphite anodes with / without silicon®**, while numerous researchers have reported the development of
aqueous processing of cathode materials, such as Li(NiysMnysCo13)02 (NMC 111)*2 23 Li(Nio.4Mno.4C002)02 (NMC
442)", Li(NiosMno.3C002)02 (NMC 532)%5, and LiFePQ4®. However, the transition metal and lithium-ions leaching from
active materials into water results in an increasing slurry pH value above 12%. This leads to general corrosion and pitting
between alkaline slurry and aluminum current collector'®. These major challenges hinder the further application of aqueous
processing of cathodes.

With increasing electrode film thickness, the areal capacity of electrodes can be increased. Besides, the proportion of
inactive materials such as current collector, separator in batteries will be reduced. Besides, the costs with regard to battery
manufacturing such as cutting, stacking, and welding, will be lower®, However, the lithium-ion diffusion kinetics is limited
in thick-film electrodes and thus leads to deterioration of electrochemical performance such as poor capacity retention



with low power capability®. 3D battery concept provides new solution to this problem. With the combination of thick-
film electrode and ultrafast laser ablation, the overall tortuosity inside electrode is reduced and the energy density as well
as power density can be increased simultaneously?°-23,

In this work, we present the study of aqueous processed thick-film Li(NiosMng2C002)02 (NMC 622) electrodes with pH
adjustment using acetic acid. Laser ablation was applied to achieve line structures in thick-film electrodes (3D battery).
The electrochemical performance of cells containing cathodes with different slurry pH values and with laser ablation was
analyzed using rate capability analysis as well as cyclic voltammetry.

2. EXPERIMENTAL
2.1 Preparation of thick-film NMC cathodes

Commercially available NMC 622 powder (BASF SE, Germany) with a median particle size of 8.7 um was used as active
material, while carbon black (C-NERGY Super C65, Imerys G & C Belgium, Belgium) was applied as conductive
additive. Water-based fluorine acrylic latex binder (TRD 202A, JSR Micro NV, Belgium) as well as Na-CMC (CRT
2000PA, Doe Wolff Cellulosic, Germany) with a substitution degree of 0.82 —0.95 were used as binders for aqueous
processed NMC 622 cathodes. NMC 622, carbon black, and deionized water were added into the premixed CMC solution
and the cathode slurries were mixed in a dissolver (CDS, VMA-Getzmann, Germany) under vacuum (-1.0 bar) using 2000
rpm rotation speed for 20 min. After that, acetic acid was added in order to adjust the slurry pH value. The slurry was then
mixed for 90 min under ambient condition using the same rotation speed. Finally, the shear sensitive binder TRD 202A
was added to the slurry and was stirred with 500 rpm for 3 min. The pH value was measured 10 min after the mixing
procedure was finished via a pH-meter (FE30-basic FiveEasy, Mettler-Toledo GmbH, Germany).

The slurry was deposited onto an aluminum-foil (thickness: 20 um) with a doctor blade (ZUA 2000.100, Proceq,
Switzerland) on a tape casting coater (MSK-AFA-L800-LD, MTI Corporation, USA). The coating speed was set at 5 mm/s
and the electrode thickness was controlled by varying the gap of the doctor blade. Afterwards, the electrode was dried at
room temperature to alleviate the chemical corrosion, which occurs at elevated temperatures. The thicknesses of dried
electrodes were kept 190 - 240 um to achieve thick-film electrodes with mass loading of 37 — 48 mg/cm?. Finally, the
dried cathodes were calendered using an electric rolling presser (MSK-2150, MTI Corporation, USA) with a constant
calendering speed of 35 mm/s, in order to adjust the cathode porosity to 35 %. The electrode porosity was calculated based
on the density and weight of each component. This method has been illustrated in our previous work?,

2.2 Ultrafast laser ablation of NMC cathodes

Ultrafast femtosecond (fs) fiber laser (Tangerine, Amplitude Systémes, France) with 380 fs pulse duration and a
wavelength of 515 nm (M? < 1.2) was used to achieve line structures with 200 um pitch in thick-film electrodes. The
number of scans was varied from 30 to 50 according to the cathode film thickness, in order to ensure ablation depths down
to the current collector. The laser scanning speed was 500 mm/s, while a repetition rate of 500 kHz and 4.3 W laser power
were applied. After laser ablation, the electrodes were cut in circles with 12 mm in diameter for coin cell CR2032 design.
The laser processing was performed in ambient air.

2.3 Cell assembly and electrochemical analysis

Before cell assembly, the NMC 622 cathodes were dried at a temperature of 130 °C for 24 h in a vacuum oven (VT 6025,
Thermo Scientific, Germany). The NMC 622 cathodes were then stored in an argon-filled glove box (LABmaster pro, M.
Braun, Germany) with H,O < 0.1 ppm and O2 < 0.1 ppm and were assembled versus lithium foil (0.25 mm thickness,
Merck KGaA, Germany) in coin cells CR2032. Polypropylene separator (Celgard, USA) with a thickness of 25 pm and a
diameter of 15 mm was used. A total amount of 120 pL electrolyte, which consists of ethylene carbonate and ethyl methyl
carbonate (EC / EMC 3:7, wt.%) with 1.3 M hexafluorophosphate (LiPFs) as conducting salt and 5 wt.% fluoroethylene
carbonate (FEC) as additive, was added to each cell. All cell components were pressed and sealed using an electric crimper
(MSK-160D, MTI Corporation, USA).

“Constant current - constant voltage” (CCCV) method was applied for rate capability analysis using a battery cycling
system (BT 2000, Arbin Instruments, USA). At first, 3 cycles at C/20 were applied during the formation step, followed by
C-rates from C/10 to 2C. C/10 and C/5 were performed for 5 cycles, while the other C-rates were carried out for 10 cycles.
A specific capacity of 155 mAh/g and 1C = 0.99 h'* were applied for the calculation of charge / discharge current at



different C-rates. For rate capability analysis, the voltage window was set to 3.0 — 4.2 V. As for cyclic voltammetry (CV),
the lower and upper cut-off voltage were 3.0 and 4.3 V, while a scan rate of 0.02 mV/s was applied.

3. RESULTS AND DISCUSSION
3.1 Characterization of electrodes with pH adjustment

Slurries with different pH values were tape cast on aluminum foil and afterwards dried in ambient air without heating. The
thickness, porosity, and mass loading of NMC 622 cathodes are summarized in Table 1. The slurry pH value increases to
12 without pH adjustment, which is similar to published results'® 24, This could be explained with the Li*/H* exchange
mechanism between NMC materials and water, which leads to the formation of products such as lithium hydroxide (LiOH),
LiHCOg3, and Li2CO3%. The porosity of dried electrode remains at 57 % after calendering process, suggesting the existence
of many cavities inside the electrode. This has been verified by cross-sectional analysis shown in our previous work?®:
Cavities with diameters ranging from 60 to 290 um are formed inside dried electrodes due to the hydrogen gas evolution.
Besides, despite the highest film thickness of the electrode with slurry pH value 12 (thickness: 240 pum), its mass loading
is only 36.9 mg/cm?, which is about 10 mg/cm? less compared to other electrodes with pH adjustment. Therefore, pH
adjustment is necessary for the aqueous processing of NMC cathodes to achieve a high energy density.

Table 1. NMC 622 electrodes after calendaring.

Slurry pH value Film thickness (um) Porosity (%)  Mass loading (mg/cm?)
121 240 57.5 36.9
10.0 200 34.6 47.4
9.0 189 35.1 44.2
8.4 191 31.7 47.1

In order to observe the aluminum surface which is in contact to slurry, the cathodes were soaked in deionized water and
were washed with an ultrasonic cleaner device for 30 min. After the cathode films were removed, the aluminum foils were
dried and characterized via scanning electron microscope (SEM, Phenom XL, Thermo Fisher Scientific, Netherlands), as
shown in Figure 1. The corrosion and pitting occurred at the surface of aluminum current collector correspond to the
cavities observed in the cathode film. For the thick-film electrode with slurry pH = 12, the extent of surface corrosion and
pit formation is the most severe. The craters owing to the corrosion have diameters varying from 8 to 15 um and small
corrosion pits are built around the corrosion craters. With decreasing slurry pH values, the corrosion and pitting are
alleviated. Besides, the slurry viscosity increases from 2 to 9 Pa-s at a reference shear rate of 50 s with decreasing slurry
pH from 12 to 82%. High slurry viscosity is conducive to limit the sedimentation of active material particles, binder
migration, and convection of conductive agent?’. Thus, acid addition can not only prevent the corrosion of aluminum
current collector but is also beneficial for the thick-film manufacturing.
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Figure 1. SEM images of aluminum foils (a) prior to casting and after the removal of the electrode film with slurry pH value
of 12.1 (b) and 10.8 (c).

3.2 Laser ablation of NMC 622 electrodes

Thick-film electrodes deposited with slurry pH values of 12.1, 10.0, and 9.0 are subsequently calendered and structured
using ultrafast fs-laser ablation. Line structures with 200 um pitch are generated without damaging the current collector,
as shown in Figure 2. A top width of 30 um and a half-peak-width of 10 pm are achieved. The laser fluence is 15 J/cm?,
while a pulse overlap of 97 % is applied. The active mass loss due to laser ablation is 3 % to 10 %. No obvious debris
formation is observed on the electrode surface or inside the channel structures (Figure 2). However, due to the existence
of cavities and the inhomogeneity in film thickness, the laser ablation rate is different for cathode without acid addition.
This causes the damage to the aluminum current collector or local drilling through the complete electrode. Thus, pH

Figure 2. Laser structured NMC 622 cathode. (a) SEM image and (b) cross-sectional view of laser ablated thick-film
NMC 622 cathode deposited with a slurry pH =9.0.

3.3 Electrochemical performance of cells

Figure 3-a displays the CV measurement of cells containing unstructured NMC 622 cathodes deposited with different
slurry pH values. Only one current peak appears during charge / discharge, which corresponds to redox reactions of
Ni2* / Ni** 28, This implies that the addition of acetic acid does not affect the electrochemical reaction of NMC 622. The
voltage differences between oxidation and reduction peaks (AE,) are summarized in Table 2. It is observed that the voltage
difference of redox peaks increases with decreasing slurry pH values, which indicates a higher barrier of electron transfer
and a sluggish electrochemical reaction?®. This is similar to the rate capability analysis, where the cells show lower capacity
at C/5 to 1C with decreasing slurry pH value (high amount of acid addition). In electrodes without acid addition, the contact
surface between electrode material and electrolyte is enlarged due to the increased size and number of cavities. Thus, the
charge transfer resistance could be reduced and the diffusion kinetics of lithium-ions is improved.
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Figure 3. Electrochemical performance of cells with NMC 622 cathodes. (a) CV plots and (b) rate capability test of cells
containing NMC 622 cathodes deposited with different slurry pH values.

Figure 3-b shows the specific discharge capacity of cells containing aqueous processed NMC 622 cathodes. During the
formation step at C/20, the capacities are slightly increased. For example, for cells containing NMC 622 electrodes
deposited with slurry pH values of 10 and 9, the specific capacity increases from 153 mAh/g to 158 mAh/g. This could be
explained by the cation exchange on the surface of the active material, since a part of protons in the surface of NMC 622
can be swapped with lithium-ions from the electrolyte upon the first 3 cycles at C/20. At C/10, the electrode deposited
with slurry pH 9.0 shows the highest capacity of 150 mAh/g, while the electrode deposited with slurry pH 8.4 shows the
lowest capacity of 138 mAh/g. The cells with structured electrodes show the same or lower capacity in comparison to cells
with unstructured electrodes. This might be due to the formation of solid electrolyte interface (SEI) between electrode and
electrolyte®. The increased electrode surface owing to laser ablation results in the formation of a large reaction layer,
which consumes a higher amount of electrolyte and active material. As the C-rate increases to C/5 and C/2, the cell
containing electrode deposited with slurry pH = 12.1 maintains the highest capacity of 131 mAh/g and 93 mAh/g at C/5
and C/2, respectively, while the lowest specific capacities (90 mAh/g at C/5 and 43 mAh/g at C/2) belong to the cell
containing electrode deposited with slurry pH 8.4. At C/5, all cells with structured cathode achieve the same capacity of
130 mAh/g as the cell with unstructured cathode without pH adjustment. With laser ablation, the discharge capacities of
cells containing electrodes deposited with slurry pH 9 and 10 increase by 19 — 23 mAh/g at C/5. However, the advantage
of laser ablation for the cathode without pH adjustment is not obvious for C-rates < C/2, this may be due to the high
porosity of these cathode (> 50 %) compared to other electrodes with acid (35 %). When the C-rate is higher than C/2,
laser structuring is feasible to further increase the capacity of cell containing NMC 622 cathode without acid addition. It
could be due to the connection of cavities inside the electrode, which leads to increased number of diffusion pathways of
lithium-ions from electrolyte to the electrode. At 1C and 2C, over 80 % capacity loss for all cells with thick-film electrodes
is observed in comparison to the first cycles at C/20, except the cell containing structured electrode deposited without acid
addition, showing the highest capacity of 68 mAh/h at 1C and 23 mAh/g at 2C.

Table 2. The voltage difference between redox peaks in CV measurement.

Slurry pH value Voltage of Voltage of Voltage difference
oxidation peak (V)  reduction peak (V) AE, (V)
12.1 3.80 3.69 0.11
10.8 3.86 3.66 0.20
9.2 3.87 3.64 0.23
8.0 3.88 3.63 0.25




4. CONCLUSIONS

CMC and TRD 202A were applied for the aqueous processing of NMC 622 slurry, while acetic acid was used to adjust
the slurry pH value. Less corrosion and pitting is observed on the aluminum current collector with decreasing slurry pH
value. Afterwards, the dried electrodes were structured using ultrafast laser ablation. Rate capability analysis shows a
strong impact of the slurry pH value on the discharge capacity. At C-rates above C/10, the specific discharge capacity of
the cell containing an electrode deposited with lower slurry pH value is decreased, while the electrode without acid addition
shows the highest capacity. However, due to the existence of cavities, the porosity of this electrode is 20 % higher
compared to others. This will lead to a decreased energy density. Laser ablation is feasible to increase the rate capability
of cells with aqueous processed electrodes despite different slurry pH values, especially at discharge rates above C/5.
Besides, unlike the cathode without acid addition, laser ablation provides controllable and precise structures in electrode.
With enlarged surface between active materials and electrolyte, new lithium-ions diffusion pathways are generated.
Considering the corrosion of current collector, energy density, the stability of electrodes, and the electrochemical
performance, the slurry pH values should be adjusted to 9 — 10 to balance the above-mentioned requirements and to meet
a reliable precondition for laser ablation.
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