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Abstract

Aqueous processing of cathode is a practical method to achieve cost reduction for lithium-ion batteries and
provide environmentally friendly production by avoiding the use of the state-of-the-art polyvinylidene
fluoride binder and toxic N-methyl-2-pyrrolidone solvent. However, the reaction of cathode materials with
water leads to lithium leaching and a slurry pH value larger than 8. This results in chemical corrosion on
current collector during coating process, leaving cavities inside dried electrodes. In this work, different acid
additions were applied during mixing process in order to adjust slurry pH value. Besides, thick-film
Li(NiosMnoCo0o.)O2 cathodes were manufactured to achieve a high mass loading of about 35 mg/cm?. X-
ray photoelectron spectroscopy and Raman spectroscopy were applied to characterize the electrodes.
Meanwhile, three-dimensional (3D) structures were generated in aqueous processed thick-film electrodes
by applying ultrafast laser patterning and the active mass loss was adjusted to 7.5 %. Rate capability analyses,
long-term performance, impedance spectroscopy, and cyclic voltammetry measurements were conducted to
compare the electrochemical performance of cells with different cathode types. Rate capability analyses
reveal that cells with structured aqueous processed thick electrodes with phosphoric acid and acetic acid
show higher discharge capacity at specific current >80 mA/g in comparison to ones with PVVDF. Besides,
cells containing structured high mass loaded electrodes with phosphoric acid maintain 72 % capacity, which
is 15 % higher than the reference cells with PVDF.

1. Introduction

Lithium-ion batteries (LIBs) play a very important role in our daily life due to their extensive
applications in energy storage, such as in stationary grid storage, portable devices, and electric power tools
[1,2]. LIBs have developed rapidly since its first commercialization more than three decades ago and are
occupying more market due to their high energy density in comparison to lead-acid, or Na-ion batteries
[3,4]. With the rapid development of battery electric vehicles (BEV) and hybrid electric vehicles (HEV),
the technical requirements for batteries, such as high capacity, high power, long calendar life, fast charging,
low cost, and safety under extreme conditions, are more significant for the automobile industries [5-7]. In
other words, batteries are the new “power train’’ of electric vehicles.

Among the various cathode materials for LIBs, layered transition metal oxides Li(NixMnyCo1- x.y)O:
(NMC), which are isostructural to a-NaFeO; [8], are very popular candidates for electric vehicles [9]. The
specific capacity of NMC can be increased from 150 mAh/g to 200 mAh/g (or energy density over
300 Wh/kg at cell level) by increasing the Ni content in NMC materials [10-12], which is higher than that
for other popular cathode materials such as LiMn,O,s (LMO), LiFePOs4 (LFP), and LiCoO. (LCO) [7].
During the electrode manufacturing, state-of-the-art polyvinylidene fluoride (PVDF) binder is usually
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applied to maintain the mechanical integrity of electrodes by connecting active materials and/with
conductive agents. However, conventional N-methyl-2-pyrrolidone (NMP) solvent used to disperse PVDF
IS toxic, expensive, volatile, and is thus difficult for an environmentally friendly electrode recycling [13].
Thus, eliminating NMP during cathode manufacturing benefits cost reduction of LIBs while reducing the
environmental pollution. Water-based processing shows great potential owing to its low cost, short drying
time, as well as safe production line without explosion hazard [14,15].

Agqueous processing of graphite anode has already become a standard procedure in battery industries
and is further developed with addition of silicon in order to increase the energy density [16,17]. As for
cathode materials, aqueous processing was firstly introduced by Li et al. [18] for LCO in 2007 and gained
increasing attention in the past decade. Electrode manufacturing using water-based binders such as
carboxymethyl cellulose (CMC), fluorinated acrylate polymer latex (TRD), alginate (ALG), polyacrylic
acid (PAA), and guar gum (GG) for different cathode materials ranging from LFP [19,20], NMC [21-30],
to high-voltage materials LiNiosMn1502 (LNMO) [31] were studied. However, the major concern of water-
based processing is the reactivity of active materials upon contacting with water, which results in material
modification and respective phase transitions at the active materials surface [32], the formation of lithium
carbonate and lithium hydroxide [33-35], as well as the dissolution of transition metal ions from cathode
materials [36,37]. On the other hand, the lithium leaching mechanism results in slurry pH increase [38] and
thus leads to chemical corrosion on aluminum current collector and hydrogen gas formation during coating
process [39,40]. In general, three methods were introduced to counteract these effects: (i) using cathode
materials coated with carbon, Al,Os, or Nb2Os [41,42], (ii) providing carbon-coating on aluminum current
collector to interdict its contact with alkaline slurry [43,44], and (iii) adjusting slurry pH with acid addition
during mixing process [18,26,28,45]. The first two approaches involve additional processing steps, resulting
in increased production costs, while the third method provides a feasible solution to the agueous processing
of cathode materials.

Using thick-film electrode with high mass loading is a practical strategy to increase the energy density
of LIBs, since less inactive materials as current collector and separator are needed [14]. However, cells with
thick-film electrodes show serious deterioration in the electrochemical performance, exhibiting low capacity
retention at C-rates > C/5. This is mainly due to the accumulation of cell polarization, lithium-ion diffusion
limitation, and local material degradation, which results in an increase of charge transfer resistance [46]. 3D
battery concept with architectures generated by ultrafast laser ablation is proven to be beneficial to improve
lithium-ion diffusion kinetics in thick-film electrode and meanwhile provides accelerated electrolyte wetting
owing to the capillary microstructures in electrodes [47-49]. Besides, cells with laser structured NMC
electrodes show higher capacity retention after long-term cycling and provide higher capacity under fast
charging and discharging over C/2 [50-53]. The same phenomenon was observed for thick-film LCO
cathodes with line structures [54] and laser drilled LFP cathodes [55]. On the other hand, laser patterned
graphite w/o silicon anodes with grids, lines, and drilling holes, show high capacity retention and capability
at high C-rates [16,17,56-58]. All these researches have proved that laser processing is of great significance
to improve battery performance, especially for cells with thick-film electrodes.

In our previous works, we have studied the effect of slurry pH value on the electrochemical
performance of cells containing Li(NiosMno2C002)O2 (NMC 622) cathode and found that the slurry pH
value should be adjusted to 9-10 in order to mitigate the chemical corrosion between alkaline slurry and
current collector. Meanwhile this pH range is essential to meet a suitable precondition for subsequent laser
processing [59]. In this work, aqueous processing of NMC 622 cathode is further studied using different
acid addition and the slurry pH values were kept at 9-10. X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy were performed to characterize the NMC 622 electrodes manufactured with different
acid addition in comparison to electrode with PVDF binder. Besides, the electrodes were patterned using
ultrafast laser ablation to improve the electrochemical performance. Rate capability and long-term cycling
on coin cells containing electrodes with state-of-the-art thickness (70 um) and thick-film (150 pum) were
conducted to study the effect of acid addition and laser patterning on the electrochemical performance.
Furthermore, cyclic voltammetry electrochemical as well as impedance spectroscopy were applied to
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investigate the lithium-ion diffusion and impedance of cells with unstructured and laser structured thick-
film electrodes.

2. Experimental
2.1. Slurry preparation and electrode manufacturing

For reference electrodes with PVDF binder, commercially available NMC 622 powder with a particle
size D90 of 12.8 um (BASF SE, Germany) was used as active material, while C-NERGY Super C65 (Imerys
Graphite & Carbon, Belgium) and C-NERGY KS6L graphite (Imerys Graphite & Carbon, Switzerland)
were applied as conductive agent and compaction aid, respectively. Solef 5130 PVDF powder (Solvay,
Germany) was dissolved in NMP (Merck, Germany) with a mass ratio of 1:10 in advance, while other
powders were added into PVDF solvent with NMC 622: Super C65: KS6L graphite: PVDF powder =
92: 3: 2: 3 (wt. %). The slurry was mixed in a planetary mixer (SpeedMixer DAC 150 SP, Hauschild & Co.
KG, Germany) for 1.5 h with 1500-3500 rpm, and extra NMP solution was added into the mixture in order
to adjust the slurry viscosity. The solid content of electrode slurry was 66.7 wt. % by the end of mixing
process.

For aqueous slurry preparation, same NMC 622 powder as well as C-NERGY Super C65 were applied,
while Na-CMC (CRT 2000PA, Dow Wolff Cellulosic, Germany) and fluorine acrylic copolymer latex TRD
202A (40 wt. % solution, JSR Micro NV, Belgium) were used as thickening agent and binders, respectively.
Before slurry preparation, Na-CMC powder was dissolved in DI water and mixed in a dissolver (VMA-
Getzmann, Germany) with 1500 rpm for 1 h to acquire a 5 wt. % CMC solvent. Afterwards, NMC 622
powder and Super C65 carbon black were mixed together and added into the CMC solvent, while the
container was persistently water-cooled to 20 °C. Subsequently, one of the acids, which were either
phosphoric acid in 85 wt. % solution (Sigma-Aldrich, USA), 100 % liquid acetic acid (Merck, Germany),
or monohydrate citric acid (Merck, Germany), was added into the slurry to adjust the slurry pH value to 9-
10. The slurry was afterwards stirred at 2000 rpm for 90 min to disperse the carbon black and NMC 622
powder homogenously. At the end, shear sensitive latex binder TRD 202A was added into the slurry and
the slurry was subsequently mixed at 500 rpm for 3 min under vacuum. The mass ratio of each constituent
is NMC 622: Super C65: Na-CMC: TRD 202A = 92.6: 2.8: 0.8: 2.8. The slurry pH values were measured
15 min after the mixing procedure was finished using a pH-meter (FE30-Basic FiveEasy, Mettler-Toledo
GmbH, Germany).

The NMP or aqueous based slurry was tape-cast with a doctor blade (ZUA 2000.100, Proceq,
Switzerland) onto an aluminum foil with 20 um thickness, which was placed on a tape coater (MSK-AFA-
L800-LD, MTI Corporation, USA) and was fixed on a vacuum table. The coating speed was 5 mm/s while
the electrode wet film thickness was controlled by varying the gap of doctor blade. The aqueous slurry was
dried at room temperature for 1 h while the NMP-based slurry was dried at 90 °C for 2.5 h. After drying,
the electrodes were calendered at room temperature using a rolling press (MSK-2150, MTI Corporation,
USA) with a constant calendering speed of 35 mm/s. The porosity of electrodes with different acid addition
as well as with PVDF binder was adjusted to 35 %. The porosity was determined by the weight percent and
density of each component [50,60]. Two different thicknesses at around 70 um and 150 um (after
calendering) were chosen to represent the state-of-the-art thickness and thick-film electrode, respectively.

2.2. Laser processing

A fiber laser (Tangerine, Amplitude Systémes, France) operating at a wavelength of 515 nm (M%< 1.3)
and a pulse duration of 380 femtoseconds (fs) was used to pattern electrodes with 150 um thickness. A
repetition rate of 500 kHz and an average laser power of 2.5 W were applied, while the laser scanning speed
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was kept constant at 500 mm/s. The laser scan passes were about 15 to 16 with regard to the cathodes with
different binder and acid addition. Since cathode material takes up about 50 % of the overall material costs
in a LIB [61], the mass loss due to laser ablation must be adjusted to values of < 10 %, which means the
structured grooves should be as narrow as possible. In this study, line structures with 200 um pitch were
generated in thick-film electrodes. Cross-sectional analyses using an optical Leica microscope were applied
to determine the width and depth of the groove structures. Besides, the electrodes for coin cell design were
then laser cut in 12 mm circles using an average laser power of 5 W and a laser scan speed of 200 mm/s.
All types of laser processing were performed in ambient air.

2.3. Electrode characterization

Scanning electron microscopy (SEM, Phenom XL, Thermo Scientific, USA) with 10 kV accelerating
voltage was used to investigate the effect of different acids on the morphology of electrode materials and to
study a possible thermal impact of laser processing.

X-ray photoelectron spectroscopy (XPS) analysis of NMC 622 cathodes with different acid addition
during slurry preparation was performed with a K-alpha spectrometer (ThermoFisher Scientific, UK).
Thermo Avantage software was used for data acquisition and processing. All samples were analyzed using
a micro-focused, monochromated Al Ka X-ray source (400 um spot size). The K-Alpha charge
compensation system was employed during analysis using electrons of 8 eV energy and low-energy argon-
ions to prevent any localized charge build-up. The spectra were fitted with one or more Voigt profiles (BE
uncertainty: + 0.2 eV) and Scofield sensitivity factors were applied for the quantification [62]. All spectra
were referenced to the C 1s graphitic peak (sp?) at 284.4 eV binding energy controlled by means of the well-
known photoelectron peaks of metallic Cu, Ag, and Au, respectively.

A Raman microscope (Senterra Il, Bruker Optics, Germany) equipped with a DPSS laser operating at
532 nm wavelength was applied. For the observation of the sample surface, focusing and collimation of
backscattered light, an Olympus MPLAN 20 x objective (NA 0.45) was used, resulting in a spot diameter
of 5 um at sample surface. The spectra integration time was 40 s with four coadditions (4*10 s). The laser
power was set to 6 mW and 2.5 mW for the detection of electrodes and pristine NMC 622 powder,
respectively. For each sample, the spectra were recorded with a bandwidth ranging from 75 to 4000 cm™* at
8 to 10 randomly selected locations.

2.4. Electrochemical analyses

All electrodes were dried at 130 °C for 12 h under vacuum prior to cell assembly. Then they were
transferred to an argon-filled glove box (LAB master pro sp, M. Braun, Germany) with HO< 0.1 ppm and
02< 0.1 ppm, and were assembled versus lithium foil (Merck, Germany) with a thickness of 0.25 mm in
CR2032 coin cell. A total amount of 120 pl electrolyte, which consists of 1.3 M LiPFg in ethylene carbonate
(EC) and ethyl methyl carbonate (EMC) with EC: EMC = 3: 7 (vol. %) plus 5wt. % of fluoroethylene
carbonate (FEC) additive, was added to each cell. A polypropylene (PP) separator foil (Celgard 2500, USA)
with a thickness of 25 pum was placed between NMC 622 cathode and lithium. All cell components were
pressed using an electric crimper (MSK-160D, MTI Corporation, USA) after stacking and the cells were
stored at room temperature for 24 h to enable a complete wetting of separator and cathode.

Rate capability analyses were carried out using a battery cycler (BT2000, Arbin Instruments, USA).
During charging, ‘‘constant current-constant voltage’’” (CCCV) method was applied for each C-rate, while
constant current (CC) was used for discharging. The upper and lower cut-off voltages were 4.3 and 3.0 V,
respectively. At the beginning, 3 cycles at C/20 were performed as formation step, followed by increasing
C-rates from C/10 to 5C. Finally, 5 cycles at C/5 were applied to study a possible capacity loss due to rate
capability measurement. Besides, symmetrical protocol was applied for rate capability test, which means
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currents for charging and discharging were the same. After rate capability test, cells were cycled at C/2 for
100 cycles to study the long-term performance and degradation.

Electrochemical impedance spectroscopy (EIS) was conducted after rate capability analyses to
determine the impedance of coin cells containing different electrode types. A potentiostat (VMPS, Biologic,
France) was used to perform EIS analyses on cells at the open circuit voltage (OCV) at around 3.6 V, while
the cells were placed in an oven with a constant temperature of 25 °C. The scanning frequency of EIS
analyses ranged from 0.02 Hz to 1 MHz, while a sinus amplitude of 10 mV was applied. ZView 2 (Scribner
Associates Inc.) software was employed to fit the EIS data to an equivalent electronic circuit.

In order to determine the redox reaction and to calculate the effective lithium-ion diffusion coefficient,
cyclic voltammetry (CV) measurement was performed after the formation step using a battery cycler (BCS-
810, Biologic, France). Scan rates ranging from 0.02 to 0.12 mV/s with 0.02 mV/s increment were applied,
while the voltage window was set from 3.0 to 4.3 V.

3. Results and discussion
3.1 Electrode manufacturing and the effect of acid addition on NMC 622 properties

During the mixing process, acid was added into the slurry to adjust the slurry pH value to 9-10.
According to our previous study, no cavities owing to hydrogen generation were observed in dried electrode
when the slurry pH was set to values < 10 [59]. Furthermore, researches on pH modification with different
acid types showed that the electrochemical performance of cell with aqueous processed cathode deteriorates
when the slurry pH value is < 9 [26,30,59]. The amount of acid, the slurry pH value as well as the details of
different electrodes are given in Table 1. The active mass loading is related to the active material NMC 622
in the electrode. With increasing film thickness, the mass loading of NMC 622 cathodes increases from
17 mg/cm? to about 34-38 mg/cm?, which is almost twice higher compared to electrodes with state-of-the-
art thickness. For the calculation of areal capacity, specific capacities of 172 mAh/g and 166 mAh/g were
applied for PVDF-based and aqueous processed NMC 622 electrodes, respectively. This is due to the
hydrolysis of NMC 622 during mixing process, which results in the exchange of lithium-ions from the
surface of active material with protons in electrolyte [32]. The lithium-leaching leads to a lower capacity of
NMC 622 in aqueous processed electrodes.

Table 1. The amount of acid, slurry pH value, film thickness, active mass loading, and areal capacity of NMC 622
electrodes with different type of binder or acid addition.

Electrode type Ac(ivc\iltar;c;llmt Slurry pH? Film(tSriTt]:;ness A(igZ;ir:gass A(rrena'lo\;:]i}lsr?](‘;i)ty
- (mg/cm?)

Refe;i;‘;‘; with ] ; 74+2 18.8+0.2 32401
With (CCII,Z)C acid 23 93 73+2 17.0+0.1 28+0.1
With :‘;i')c acid 14 9.4 71+2 16.1+02 27401
W“:CE’:?;F’Ah)O"C 09 95 7342 16.9+03 28+0.1
Refex;eF with ) ; 150 + 5 36.9+0.9 6.4+0.2
With (CCII,Z)C acid 23 9.3 160+ 6 389+14 6.5+£0.2
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With acetic acid

1.4 9.4 149+ 4 33.9+0.2 56+0.1
(AA)
With phosphoric
acid (PA) 0.9 9.5 149+4 35.3+£0.3 59+0.1

1 The acid amount is calculated by dividing the mass of acid by the mass of NMC 622.
2The slurry pH values were measured 5 min after the slurry mixing was completed.

The SEM images of different types of NMC 622 electrodes are shown in Figure 1. In Figure 1-a, it is
found that the NMC 622 particles are homogenously covered with PVDF binder, while the flake-like KS6L
graphite distributes between NMC particles. Due to the high apparent density and compressibility of KS6L
graphite, the direct contact between NMC 622 particles and the contact between NMC 622 and conductive
agents are improved, thus leads to a lower electrical resistivity [63]. The conductive agent Super C65 has a
primary particle diameter < 50 nm [64], which is beyond the resolution of SEM. However, in Figure 1-b
and -d, conductive agent on the NMC surface and the agglomerated ones between NMC particles can be
observed. The small particles in the slurry can help to unfold the CMC polymer coils during mixing and
thus leads to extended bridging between particles [26]. In Figure 1-c, the top view of the electrode shows
cracks in some NMC 622 particles, which are assumed to be originated from the calendering process.

(b). Bindep® £
& c’oﬁducliv"' ge

Figuréﬁmlj.SEM iages of (a) NMC 622 cathodes with PVDF binde_f-and e{quous procesed catodes it addition
of (b) citric acid, (c) acetic acid, and (d) phosphoric acid.

The surface chemical compositions of dried electrodes processed with different acid addition during
slurry preparation as well as reference electrodes without acid addition or with PVDF binder were
characterized using XPS analysis. In C 1s spectra (Figure 2-a), the peak at 284.4 eV is assigned to the carbon
black (conductive agent) in electrodes, while the signal at 285.4 eV corresponds to C-C/C-H bonds. A very
weak peak at 290.4 eV can be attributed to lithium carbonate species on the surface of NMC 622 [65]. It
has been reported that Li-COs and LiOH are formed when NMC 622 powders are stored at room humidity
over 80 % [35], thus it is assumed that more Li,COs; would be generated on the NMC 622 surface by
applying aqueous mixing process. However, a direct comparison between the amount of Li,COs in aqueous
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processed electrodes with reference PVDF-based electrode is intractable, since the CF, peak, which is
characteristic for PVDF in the reference electrode, overlaps with CO3™~ peak at 290.4 eV, as shown in Figure
2-a. Besides, 0.2 at. % of CF, at 290.7 eV was detected in dried TRD 202A binder. However, since the
amount of TRD 202A binder was kept the same in aqueous processed electrodes with different acid addition,
the contribution of TRD 202A can be neglected. The trend of the Li.COs content in electrodes with addition
of different acid can be followed by calculating the atomic ratio between the peak at 290.4 eV and carbon
black peak at 284.4 eV, since the carbon black amounts in different aqueous processed electrodes remains
the same. However, no obvious differences in Li,COs amount are observed between the different acid
containing electrodes in comparison to reference electrode without acid addition, All contain a very low
concentration of Li,CO3 (~ 1.1 at. %) detected on the NMC 622 surface, also the reference one. Therefore,
it cannot be concluded that the acid addition results in a reduction of Li,COs on the NMC 622 surfaces.

Figure 2-b displays the P 2p spectra of different NMC 622 electrodes. A new peak appears at 133.3 eV
for electrode with phosphoric acid addition and the atomic percent is about 0.3 %. This may indicate the
formation of water-insoluble species such as LisPO. [45,66-68], or M3(PQOa4), (M is transition metal) [69].
However, XPS spectra cannot reveal whether the phosphates are bound or absorbed to the NMC 622 surface.
This will be further discussed along with results from electrochemical performance of cells containing
different electrodes types. Besides, 2.4-2.7 at. % lithium is measured, which is distinctly higher than the
corresponding Ni, Mn or Co atoms in NMC 622. This might be explained by the lithium leaching and re-
deposition. According to the study from Hamam et al. [70], in solutions with pH value from 7-10, lithium-
ions/proton exchange and transition metal ion dissolution occur in NMC 532, and the removal is accelerated
when slurry pH value < 7. In this work, the slurry pH values were adjusted to 9-10. Therefore, lithium
leaching happens during mixing process, and the lithium-ion concentration in water is increased in
comparison to its amount on the surface of NMC 622. After drying process, with the elimination of water,
the lithium-ions might deposit again on the surface of NMC 622, thus leads to higher lithium concentration
on the NMC 622 surface.

Cls sp? @ P2p (b)
Ref. with PVDF )
CH,-CF Ref. with PVDF,
> \
g - N
. E et g
3 4 2
N | WithCA ‘B
S =
2 4 )
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Figure 2. XPS spectra of the (a) C 1s and (b) P 2p lines of electrodes processed with different binders or with
different acid addition during mixing.

The local structure of NMC 622 is investigated using Raman scattering, since Raman spectroscopy is
sensitive to the short-range environment of oxygen around the cations in the lattice of an oxide [71]. Figure
3 compares the Raman spectra of NMC 622 cathodes processed with different acids as well as the spectrum
of pristine NMC 622 powder and the spectrum of reference electrode with PVDF. The Raman active modes
of NMC 622 particles are observed between 400 and 650 cm™, which are associated to the vibrational modes
of different transition-metal-ions (Ni, Mn, Co). Two Raman-active modes, Ayq at around 570 cm™ and Eg at
around 470 cm™ are detected for NMC 622 powder as well as electrodes processed with different acids,
which represent oxygen-atoms moving symmetrically along the c-axis (M-O, M = Ni, Co, or Mn), and
opposing oxygen-atoms displacements along adjacent oxygen layers (O—M-0), respectively [72]. Since A
represents stretching and is typically stiffer than bending mode, the band at higher wavenumber is usually
assigned to Aiq [73]. From the work of C. Julien [74] it is found that with increasing Ni content in LiNis-
«C0x0;, the Aiq band shifts from 600 cm™ to lower wavenumber. In this work, the Aiq band of NMC 622
pristine powder locates at around 570 cm™, which is lower in comparison to other reports who show Asgq
band at 609 cm™ and 597 cm™ [72,73]. The band shift may result from inhomogeneous polycrystalline,
crystalline size and orientation, and the wavelength of excitation source [73]. The Raman spectra of
NMC 622 electrodes and pristine NMC 622 powder are envelopes consist of highly overlapping bands of
different transition-metal-ions, thus it is difficult to assign the exact band to each vibration mode. However,
by comparing with different works it can be concluded that the bands > 600 cm™ correspond to Eq and Ayq
of Mn, while the shoulder at 465 cm™ can be assigned to Eq mode of Ni. Between 470 and 590 cm, the
bands should in turn belong to Eq mode of Co, Aig mode of Co, and Aq of Ni with increasing wavenumber.
Besides, the detection depth of Raman spectrum is in the range of several hundred nanometers, thus the
intensity of Aig/Eq can be used to determine the lithium leaching from NMC 622 surface in agqueous
processed electrodes [35], since the Aiq band decreases fast with increasing lithium deintercalation [73].
The pristine NMC 622 powder and reference electrode with PVVDF have an Aig/Eq ratio of 2.4 — 2.5, while
the aqueous processed electrodes with CA and AA show a lower ratio of 2.1 — 2.2, which indicates lithium
leaching during mixing process. However, the electrode with PA displays an A14/Eq ratio of 2.5, which is
higher in comparison to other agueous processed electrodes. This further confirms the assumption that a
protective layer is built on the NMC 622 surface with addition of phosphoric acid which can alleviate the
lithium leaching during mixing process.
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Figure 3. Raman spectra of NMC 622 electrodes processed with citric acid (CA), acetic acid (AA), phosphoric acid
(PA), with PVDF binder, and pristine NMC 622 powder.

3.2 Laser structuring of aqueous processed cathodes

In order to determine the laser ablation depth in composite electrodes, cross section analyses of laser
structured electrodes processed with different acid addition were performed, as shown in Figure 4. The
slurry pH value was adjusted to 9-10 by adding acid during mixing process. Corrosion between slurry and
Al current collector during coating was suppressed, thus no cavities with diameter larger than 50 um owing
to hydrogen generation are observed inside the dried electrode, which is consistent with our previous study
[59]. The laser scan passes were adjusted to achieve channel structures reaching from the electrode surface
down to the current collector, without damaging the current collector. The number of scan passes for
different types of electrodes are similar (15-16 passes), indicating identical ablation behavior regardless of
different acid addition. High resolution SEM images in Figure S1 show the edges of channels in structured
electrodes. No melted particles or heat affected zone near the channels are observed. The direct sublimation
of materials using ultrafast laser is beneficial to achieve microstructures with high aspect ratio and smooth
surface. Besides, no new phases of the active material NMC 622 are formed during the ablation process,
which has been proved by Dunlap et al. using X-ray diffraction (XRD) [53]. The channel structures inside
electrodes can accelerate electrolyte wetting due to the capillary effect [49]. Meanwhile, electrolyte filled
channels serve as electrolyte reservoir and can enhance the battery lifetime [50,59,75].

(a)

100 pm




(b)

100 pm

100 pm

Figure 4. Cross-sectional view of laser structured and aqueous processed NMC 622 cathode with addition of (a)
CA, (b) AA, and (c) PA during mixing process (average laser power: 2.5 W, repetition rate: 500 kHz, laser scan
passes: 15-16).

299 Figure 4 shows that all channels have similar VV-shape with wider opening at electrode surface. The
300  geometric information of channels in structured electrodes and mass loss owing to laser structuring are
301  summarized in Table 2. The mass loss is calculated from the weight difference between structured and
302  unstructured electrodes from the same batch of electrode sheets, excluding the mass of the current collector.
303  The top width of channels near the electrode surface is about 30 um, which corresponds to Gaussian laser
304  beam with a spot size of approximately 26 um at focal length. For different types of electrodes, the mass
305 lossis controlled at around 7.5 %, which is lower in comparison to results from Dunlap et al. [53] with 11.6 %
306  and from Park et al. [52] with 13-20 %. Since cathode material is much more expensive than anode ones
307  and other inactive components in a battery [61], lower mass loss is beneficial to maintain a high areal
308  capacity while guaranteeing the advantages of laser structuring.

309  Table 2. Maximum width and full width at half maximum (FWHM) of the groove structures in different electrodes
310  and the respective mass loss due to laser structuring.

Electrode type Max. width (pum) FWHM (um) Mass loss (%)
With CA 31.2+338 12.6+1.38 751438
With AA 32.7+27 13.7+0.3 75127
With PA 29.8+3.0 149+04 74+15

311

312 3.3 Electrochemical performance of cells

313 In this chapter the electrochemical performance of cells containing unstructured and structured
314  NMC 622 cathodes will be presented and discussed with respect to acid addition in comparison to reference
315  cells containing NMC 622 cathode using PVDF as binder.

316 3.3.1 Rate capability analyses

317 The discharge capacities of cells with different types of NMC 622 cathodes at C-rates ranging from
318  C/20to 5C are shown in Figure 5. At least 3 cells were measured for each cell type and the average specific
319  discharge capacities were plotted. After cell assembly each cell was cycled 3 times at C/20 in order to
320  establish a stable cathode electrolyte interphase (CEI) [76]. The cells containing electrodes with PVDF
321  binder and with acetic acid achieve a specific capacity of about 175-178 mAh/g, while the cells containing
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cathodes with citric acid and phosphoric acid provide about 170 mAh/g specific capacity after formation.
Coulombic efficiencies (CE) of cells containing electrodes processed with different acid at the first C/20
formation step are listed in Table 3. For cells with thin-film electrodes, the CE of reference cells with PVDF
binder is 1-2 % higher in comparison to cells with aqueous processed electrodes. A lower CE at the first
cycle indicates an increased electrolyte consumption to form the CEI during charging/discharging [28],
which might be resulted from a rougher surfaces of NMC 622 powders after acid treatment, where reaction
products were deposited [45]. Cells with aqueous processed thick-film electrodes show almost the same CE
at the first cycle as those with thin-film electrodes, which are similar to the result from Kukay et al. [28]
using full cells containing phosphoric acid treated NMC 811 cathodes and graphite anodes. As for cells with
laser structured electrodes, it is found that the first cycle CE is about 2 % lower, which should be owing to
formation of CEI on the generated channel surface between electrolyte and electrode after laser structuring.
After the first cycle, the CE rises to 99-100 % for all cells at C/20, which implies adequate CEI formation
on NMC 622 electrode.

Table 3. Coulombic efficiency of cells containing different types of electrodes at the first cycle by the formation.
Coulombic efficiency at the first cycle (%)

Electrode type Thin-film Thick-film (unstructured) Thick-film (structured)
With CA 88.6 88.9 86.5
With AA 89.5 90.1 88.2
With PA 87.5 86.5 86.2

Ref. with PVDF 90.0 88.5 -

Figure 5-a displays that for cells with unstructured thin-film electrodes, the reference cells containing
cathodes with PVDF binder show higher capacity from C/10 to 2C in comparison to cells with aqueous
processed cathodes. For example, at C/10, the reference cells show 175 mAh/g specific capacity, while cells
with aqueous processed electrodes provide about 165-170 mAh/g specific capacity, which is similar to prior
reported results [38]. The capacity losses of cells containing electrodes with addition of CA and AA are
more pronounced with increasing C-rates from C/2 to 3C in comparison to ones with PA or with PVDF. At
2C, the reference cells and cells containing electrode with PA maintain 65 mAh/g and 52 mAh/g specific
capacity, respectively, while cells containing electrodes with CA and AA drop to 15 mAh/g at the 10" cycle
of 2C. At 3C, cells with CA and with AA show 5 mAh/g specific capacity, while cells with other two types
of electrode still achieve about 30 mAh/g capacity. After fast charging and discharging, the cells were again
cycled 5 times at C/5 to determine the cell degradation. Reference cells as well as cells containing electrode
with PA retain the same capacity compared to previous C/5, while cells with CA and with AA reach 86 %
and 89 % capacity after being cycled at high C-rates. With the addition of PA during slurry preparation, not
only the slurry pH value is lower, but it might leads to the formation of transition metal phosphate, LisPOs,,
or Li;HPO, layer at the surface NMC 622 particles as shown in the P 2p spectra from XPS analysis in Figure
2, which is evidenced by other researches using NMC 111 as active material [68]. Jo et al. [77] also showed
that the electrodes with PA modified NMC 622 exhibit high capacity retention. However, in their study the
NMC 622 powders were pre-modified in PA solution and heated at 500 °C prior to slurry preparation and
conventional PVVDF binder was used for the electrode manufacturing.
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Figure 5. Specific discharge capacity of cells containing (a) electrodes with 70 um thickness and (b) electrodes with
150 pum thickness with increasing C-rates from C/20 to 3C. For each electrode film thickness, three different acids
were added during the mixing process of NMC 622 electrode.

The rate capabilities of cells with thick-film electrodes are depicted in Figure 5-b. At C/20 and C/10,
cells with structured electrodes reveal 5 mAh/g less capacity in comparison to those with unstructured
electrodes. At C/5 all cells exhibit similar capacities of 155 mAh/g except cells with PVDF, whose
capacities are 5 mAh/g higher. When the C-rate increases to C/2, cells with laser structured electrodes start
to show superior performance. Cells containing structured PA electrode retain the highest specific capacity
of 130 mAh/g, followed by cells with structured AA and CA electrodes with 125 mAh/g and 106 mAh/g,
respectively. Besides, all cells with structured aqueous processed electrodes exhibit higher specific capacity
in comparison to reference cells with conventional PVDF binder. For example, cells with structured PA
electrode show 31 mAh/g and 26 mAh/g higher discharge capacity at C/2 and 1C (32 % and 87 % higher)
in comparison to reference cells, respectively. From rate capability analyses it is found that for cells with
thick-film electrodes, both phosphoric acid and acetic acid are good candidates to improve the
electrochemical performance of NMC 622 in combination with laser structuring, especially at C-rates > C/2.

Discharge profiles of cells containing different types of thick-film electrodes from the last C/10 and
C/2 cycles are presented in
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Figure 6. At C/10, the discharge capacities of cell with AA and reference cell with PVDF reach about
165 mAh/g, while the cells with CA and PA show 5 mAh/g lower capacity. Meanwhile, cells with structured
electrodes exhibit about 3-5 mAh/g less capacity at C/10 in comparison to ones with unstructured electrodes.
When we observe the "IR-drop", which refers to the linear voltage drop at the beginning of the discharge
curve, we can find that the IR drop of cells with CA and AA (from 4.3 V to < 4.2 V) is higher in contrast to
cell with PA and PVDF (from 4.3 V to 4.25 V). This indicates a higher ohmic resistance for the first two
types of electrodes. However, for cells with CA, it is found that after laser structuring, the IR-drop is
decreased. Besides, the discharge plateau of cells with structured electrode with CA is higher in comparison
to ones with unstructured electrodes, indicating a lower cell polarization. But no difference is found in the
discharge profiles of cells containing electrode with AA and PA with/without laser structuring. When C-
rate increases to C/2, IR-drop of cells with CA and AA increases (from 4.3 V to 3.8 V), while cells with
other two kinds of electrodes show lower IR-drop from 4.3 V to 4.15 V. On the other side, all cells with
structured electrodes display lower cell polarization from 4.3 V to 3.5 V at C/2 in comparison to those with
unstructured electrodes. In several studies it was shown that the energy density increases with increasing
electrode thickness and lower porosity, while power density is dramatically reduced [47,48,78]. In this work,
the channel structures generated due to laser ablation provide extra porosity in electrodes, while the
unstructured parts remain a low porosity and a high thickness. Therefore, in contrast to cells with
unstructured electrodes, laser structuring can compensate the power density drop in cells with thick-film
electrodes at high C-rates.
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Figure 6. Specific discharge capacity vs. voltage of cells containing unstructured and structured thick-film electrodes
with addition of (a) CA, (b) AA, (c) PA, in comparison to the reference cell (Ref.) with PVDF binder at C/10 and
Cl2.

3.3.2 Long-term performance

After rate capability analysis, the cells were cycled at C/2 in order to study the long-term performance.
Figure 7-a displays that cells with PVDF and with PA maintain the highest specific discharge capacities
with 88.3 % and 79.8 % after 100 cycles, while cells containing aqueous processed electrodes with addition
of CA and AA suffer severe degradation, providing less than 20 % of initial capacity at the end. The strong
capacity fading of cells with CA and AA can be resulted from crack formation and the isolation of grains
within the primary particles, since they no longer contribute to the electrochemical performance due to loss
of electrical connectivity [79]. Sun et al. [80] proposed that the fragmentation of NMC secondary particles
after long-term cycling is induced by the strain and strain gradients that arise in a secondary particle due to
lithium-ion diffusion. The decohered primary particles participate no longer in electrochemical reaction and
thus lead to capacity fading. Since the slurry pH values with different acids were kept the same and the
electrode porosity after calendering was adjusted to 35 %, the effect of porosity and mass loading on the
electrochemical performance can be excluded [78]. Thus the interaction between acid and NMC 622
particles as well as binder has decisive impact on the electrochemical performance. First of all, cross-linking
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reaction can occurred by adding phosphoric acid and citric acid into the slurry with Na-CMC binder, the
mechanism is proposed by Kazzazi et al. [67] and Kuenzel et al. [31]. The cross-linked CMC polymers
enable a homogenous cover of active material particle surface and a better mechanical integrity of electrodes.
The stiff cross-linked CMC binder, especially PA with short molecule, can presumably provide stress on
the secondary particles during cycling and alleviate the separation of primary particles. However, the cross-
linking might not be the dominant factor for electrochemical performance of electrodes, since the capacity
retention of cells with PA electrode is 65 % higher than the ones with CA after 100 cycles. Therefore, the
interaction of acid with NMC 622 particles should be taken into account. XPS analysis had proven the
existence of phosphates on electrode surface with PA addition, and now combing with the electrochemical
performance, it can be concluded that there are not only dried phosphoric acids in the electrode, but also a
protective layer composed of phosphate formed and attached to the surface of NMC 622 particles. This
protective layer can on the one side mitigate the lithium leaching from NMC 622 surface, and on the other
side can prevent the cracking of secondary particles during long-term cycling. Besides, other study shows
that the capacity retention of cells with NMC 111 modified with 1 wt. % PA addition is higher in
comparison to ones with formic acid or without acid [68], which is consistent with results in the present
work.
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Figure 7. Long-term electrochemical performance of cells containing (a) thin-film and (b) thick-film NMC 622
cathodes produced with different acid during mixing process at C/2.

Discharge capacities of cells with thick-film electrodes are shown in Figure 7-b. Cells with high mass
loaded electrodes exhibit severe capacity drop in comparison to cells with standard loaded electrodes,
especially for cells with CA and AA, which lose almost 50 % of initial capacity within the first 10 cycles at
C/2. In contrast, cells with PVDF and with PA retain much higher capacity after 80 cycles. The serious
capacity loss of cells with thick-film electrodes comes from reaction inhomogeneity owing to the
accumulated lithium-ion transport limitation and locally increased ohmic resistance [81]. This means that
NMC 622 particles at the bottom cannot reach the same state-of-charge (SOC) as the NMC 622 particles
which are near the interface between electrode and electrolyte. Thus the NMC 622 particles close to the Al
current collector take no longer part in the electrochemical reaction and remain at the same SOC regardless
of charging or discharging. With laser patterning, 3D architectures with channels are generated inside
electrodes down to the current collector. The diffusion pathway of lithium-ions to the NMC 622 particles at
the bottom is no longer through the whole film but from the side-wall of channel structures into the electrode.
This is verified by Smyrek et al. [82] and Zheng et al. [83] using laser induced breakdown spectroscopy
(LIBS), whose studies show that laser generated sidewalls provide new lithium-ion diffusion pathways from
the liquid electrolyte into the active materials, i.e., the lithium concentration in cycled 3D thick-film
electrodes becomes more homogeneous in comparison to unstructured electrodes. Thus, more NMC 622
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particles at the bottom of laser patterned thick-film electrodes (in the near of current collector) can actively
participate in the electrochemical reaction, because the lithium-ion diffusion can take place through the
generated vertical interfaces between electrode and electrolyte. The initial and final specific discharge
capacities as well as capacity retention of all cells are summarized in Table 4. It is found that all cells with
structured electrodes display both higher initial and final capacity in comparison to ones with unstructured
electrodes. Besides, the degradation of cells with structured electrodes during long-term cycling is mitigated,
and a sudden capacity drop within the first 10 cycles can be avoided for all cells with structured electrodes.
Another important fact is that the cells containing structured electrodes with PA show 13 mAh/g higher
capacity in contrast to reference cells with state-of-the-art PVDF binder, holding 72 % capacity after 80
cycles.

Table 4. Initial capacity and capacity after long-term cycling of cells with different types of thick-film electrodes in
Figure 7.

With CA, With AA, With PA, With CA, With AA, With PA, VF\a"eJh
unstructured  unstructured  unstructured  structured  structured  structured P\/DE
Initial capacity
(mAh/g) 89 104 109 116 114 125 131
Final capacity
(MAh/g) 25 29 61 51 57 90 77
Capacity 28 28 56 44 50 72 57

retention (%)

3.3.3 EIS analyses

Figure 8 displays Nyquist plots of cells containing unstructured and structured electrodes with different
acid addition and the reference cells with PVDF. A Nyquist plot consists of two semicircles at high
frequency and a tail at lower frequency. The first small semicircle at high frequency is attributed to the
surface resistance of solid electrolyte interphase (SEI), while the second large semicircle from high to mid
frequency is owing to the charge transfer resistance of the electrode [84]. The equivalent circuit model for
fitting is shown in Figure 8. R. represents the bulk resistance from current collector, separator, cell case and
the electrolyte, while Rsg and a constant phase element CPEsg are applied on behalf of the resistance
contribution of SEI. CPEq and R correspond to the double-layer capacitance and charge transfer resistance,
which are owing to the charge transfer behavior between electrolyte and the electrode. The Warburg element
(W) in parallel with CPE represent the lithium-ion diffusion in electrolyte and active material [85].
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Figure 8. The Nyquist plots of cells containing thick-film cathodes with different acid addition at OCV after rate
capability analyses and the fitting curves using equivalent circuit model.

The fitted bulk resistance Re, SEI resistance Rsgs and charge transfer resistance R of cells with different
types of electrodes are listed in Table 5. All cells show similar values in the bulk resistances as expected,
since separator, current collector and other cell components are the same for every cell. The SEI resistance
of cells with structured electrodes is similar in comparison to ones with unstructured electrodes, which
means that the laser structuring has no negative impact on the formation and the stability of SEI. However,
half cells were used in this work, thus we cannot exclude whether there is an impact of laser structuring on
the SEI formation on the anode side in full cells. This will be further investigated in future works. The
significant difference is observed in the charge transfer resistance. All cells with aqueous processed
electrodes exhibit higher charge transfer resistance in contrast to reference cell with PVDF. This might be
due to the reduced contact between active material particles with conductive agent and particles with current
collector, since a reduced adhesion strength for aqueous processed electrodes is reported [26]. Furthermore,
cells with structured electrodes show lower R¢: in comparison to ones with unstructured electrode, which
might be owing to a larger contact area between electrolyte and particles for laser structured electrodes.

Table 5. The bulk resistance, SEI resistance and charge transfer resistance of cells with different types of electrodes.
With CA, With AA, With PA, With CA, With AA, With PA, Ref. with

unstructured unstructured unstructured  structured structured structured PVDF
Re (Q) 4.3 6.0 6.4 5.0 5.6 5.9 6.2
Rse (Q) 0.4 0.6 0.3 0.5 0.4 0.8 0.7
Ret (Q) 28.5 29.5 25.4 19.5 21.2 21.6 24.5
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3.3.4 CV measurement

CV was performed to investigate the impact of different acid addition on the electrochemical
performance of the NMC 622 electrodes. The specific currents of cells with different thick-film electrodes
are plotted versus voltage in Figure 9. Only one anodic and cathodic peak is observed in all diagrams, which
corresponds to the redox reaction of Ni?*/Ni**/Ni** [86] and a phase change from monoclinic to a hexagonal
phase (discharge) [38]. This indicates that the acid addition and laser ablation show no impact on the
electrochemical properties of NMC 622. Besides, the anodic peak (oxidation) is 1.2-1.5 times higher than
the corresponding cathodic peak (reduction). The anodic peak shifts to higher potential with increasing scan
rate (v), while the cathodic peak moves to the opposite direction. The increase of peak-potential separation
implies an increasing cell polarization. Furthermore, since the de-/intercalation of lithium-ions from/in
NMC 622 electrode is a diffusion-controlled process, the effective diffusion coefficient of lithium-ions D, ;¢

3
can be calculated using Ip@mMa = 0.4463 - (:7)1/2 Ay Co Delﬁc -y1/2

Equation 1, which is originated from the Randles-Sev¢ik equation [87]:

’ﬁ = 0.4463 - (%)1/2 Ay Co - Djj{}% y1/2 Equation 1
where I, [A] is the peak current from CV, m [g] is the active mass of electrode, F [C/mol] is Faraday’s
constant, R [J/mol-K] is gas constant, T [K] is the temperature, A,, [cm?%g] is the electrode area per unit
mass, and C, [mol/cm?] is the total amount of lithium-ions in a lithiated NMC 622 particle. In this work, 2/3
of the BET surface area of NMC 622 powder measured by nitrogen adsorption is used as A4,,, since the
diffusion pathways of lithium-ions in NMC 622 particles are 2-dimensional [8].
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Figure 9. Cyclic voltammetry plots of cells containing unstructured cathodes produced with addition of (a) CA, (c)
AA, and (e) PA, and cells with structured electrodes with (b) CA, (d) AA, and (f) PA. In addition, CV plots of
reference cell (g) with PVDF binder.

In order to calculate the effective diffusion coefficient, specific peak current of each cell was plotted
versus the square root of scan rates, which is shown in Figure S2. A linear relation is found for CV from all
cells with scan rates ranging from 0.02 to 0.08 mV/s, while the peak current deviates from fitting with scan
rates > 0.1 mV/s. This suggests that cells containing NMC 622 electrodes with 150 um thickness have a
critical scan rate of 0.08 mV/s. The calculated D, of cells in Figure 9 are summarized in Table 6. The
values of reference cell with PVDF are in consistent in the order of magnitude with our previous results
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using CV [50], however, the effective diffusion coefficients are lower in comparison to results from others
using the same active materials but with galvanostatic intermittent titration technique (GITT) method at
room temperature [11,88]. The D, depends not only on the active material, but also reflects lithium-ions
diffusion through the interface between electrode and electrolyte [87]. Table 6 reveals that the D, is higher
during charging than discharging for all cells, indicating a faster lithium deintercalation in NMC 622 than
intercalation. Besides, cells with laser structured electrodes show higher D, for both charging and
discharging in comparison to ones with unstructured electrode. This can be verified from the rate capability
analyses in Figure 5, where the cells with structured electrodes show higher capacity at C/2 to 2C than cells
with unstructured electrodes. The cell with structured PA electrode has higher D, than reference cell with
PVDF during charging, which indicates an enhanced fast charging ability of cells with structured aqueous
processed electrode modified with PA addition in comparison to cells with state-of-the-art P\VDF binder.

Table 6. The effective diffusion coefficient of cells with different types of electrodes during charging and discharging.

With CA, With AA, With PA, With CA, With AA, With PA, Ref. with
unstructured unstructured unstructured structured structured structured PVDF

Deyy-
charge 6.17 x 10 737 x 1014 6.71 x 1014 1.48 x 1013 1.14 x 1013 1.70 x 1018 152 x 1013
(cm?/s)
Degg-

discharge  4.50 x 10 5.13x10 502 x10 7.33x 10 5.85x 10" 8.13x10" 8.67 x10™
(cm?/s)

4. Conclusion

Aqgueous processed NMC 622 cathodes with different acid additions during mixing process were
manufactured, while PVDF binder with NMP as solvent were applied for reference electrodes. All
electrodes were characterized using XPS and Raman spectroscopy. Besides, two different electrode
thicknesses were selected to represent electrode thicknesses with regard to state-of-the-art (70 um) and
advanced thick-film approach (150 um). C 1s spectra from XPS analysis show that no distinct differences
in Li.CO3 amount in aqueous processed electrodes with different acid additions were observed. However,
this might be due to the low content of detected lithium carbonate in the samples. After phosphoric acid
addition, new peaks appeared in P 2p spectra, which are assigned to phosphates. Raman spectra of different
NMC 622 electrode types revealed two Raman-active modes Aiq and Egy. After comparing the ratio of A1g/Eq
it comes to the assumption that lithium leaching in electrodes processed with citric acid and acetic acid is
more distinct that in electrodes processed with phosphoric acid and reference electrode with PVDF. Thus,
combining the results from XPS analysis and Raman spectroscopy, a protective layer consisted of
phosphates was formed on the surface of NMC 622 in electrodes with phosphoric acid addition, which can
mitigate the lithium leaching during slurry preparation.

After electrode manufacturing, laser patterning was performed on thick-film electrodes with ultrafast
laser ablation. Cross-sectional analyses showed that line structures were generated from electrode surface
down to the current collector. A mass loss of 7.5 % was achieved for different electrode types. The
electrodes were subsequently assembled versus lithium in coin cells and different electrochemical analyses
were performed. Rate capability analyses display that cells containing thin-film electrodes with AA show
almost the same capacity at C/20 and C/10 in comparison to reference cells with PVDF, while the cells with
thin-film electrodes with PA maintain higher discharge capacity from 1C to 3C, which might be due to the
protective layer formation on NMC 622 particles. As for electrodes with high mass loading, all cells with
structured aqueous processed electrodes show higher capacities (10-30 mAh/g) at C/2 and 1C in contrast to
reference cells, especially ones with PA and AA. Besides, cells containing laser patterned electrodes with

20



536
537
538
539
540
541
542
543
544
545
546

547

548
549
550
551
552

553
554
555

556
557
558

559
560

561
562
563
564
565
566
567
568

569

570
571
572
573
574

PA addition exhibit higher capacity retention and the highest final capacity after 80 cycles at C/2 than cells
with other electrode types, including reference cells. The positive effect of combing laser patterning and
acid modification on the electrochemical performance are further proved by EIS and CV measurements. On
the one hand, EIS analyses display that after rate capability analyses, cells containing aqueous processed
electrodes with high loading have higher charge transfer resistance than reference cells with PVDF.
However, cells with laser patterned aqueous processed electrodes show the same or lower charge transfer
resistance in comparison to reference cells. On the other hand, CV analyses show that the effective diffusion
coefficient of lithium-ions in cells with laser patterned electrode is higher for both discharging and charging
in comparison to ones with unstructured electrodes. Especially for cells with laser patterned PA electrode,
which show higher effective diffusion coefficient during charging and almost the same coefficient during
discharging in comparison to reference cells with PVDF.
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