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ABSTRACT

Graphite anode material is commonly used in lithium-ion batteries. Due to the demand for a significantly increased energy
density for XEVs (electromotive vehicles), there is worldwide a strong effort to add nano-sized silicon particles to
composite graphite electrodes. Silicon has the benefit to provide one order of magnitude higher gravimetrical energy
density than graphite. However, a bottleneck of silicon is its huge volume expansion of about 300 % during electrochemical
cycling which induces high compressive stress and subsequent film delamination, crack formation, and finally degradation
of electrochemical cells. In this study, thick film graphite, silicon, and silicon—graphite composite electrodes were
developed and subsequently ultrafast laser structured in order to reduce compressive stress during electrochemical cycling
and diffusion overpotential. The latter one is a critical issue at elevated power densities and for high film thicknesses, i.e.,
mass loading. By laser ablation, grid structures were introduced into the electrodes and 3D elemental mapping could
demonstrate that new lithium-ion diffusion pathways arise along the structure's sidewalls and are activated with increasing
power densities. It was successfully shown that laser structured electrodes benefit from a homogenous lithiation, reduced
compressive stress, and an overall improved electrochemical performance in comparison to unstructured electrodes. A
reduced mechanical and chemical cell degradation was achieved with structured electrodes in comparison to unstructured
ones and design rules for silicon—graphite electrode architectures were derived. Laser structuring of electrodes offers a new
manufacturing tool for next-generation battery production to overcome current limitations in electrode design and cell
performance.

Keywords: ultrafast laser structuring, silicon, graphite, lithium-ion battery, 3D battery, laser-induced breakdown
spectroscopy

1. INTRODUCTION

Lithium-ion batteries (LIBs) have become a common and important energy storage device for hybrid and electric vehicles
(XEV) [1]. The production cost of LIBs per kilowatt-hour was USD 764 in 2009—-2010 and could already be reduced to
USD 111 in 2020 [2, 3]. A further reduced cost of USD 92 was forecasted in 2025 [4]. The further development of XEV is
closely linked to the next generation of LIBs, which are characterized by an increased power and energy density [5]. At
cell level, energy densities of about 350-500 Wh/kg are targeted [6]. Furthermore, short charging times and an extended
driving range (>600 km) have been aimed for future xEV. For this purpose, further material and electrode architecture
development is necessary. Silicon (Si) has been considered as a next-generation anode material due to its theoretical
capacity, which is almost one order of magnitude higher than that of the commonly used graphite (372 mAh/g) [7].
However, during battery operation silicon undergoes an enormous volume change of up to 300%, which is a well-known
bottleneck for the commercialization of silicon-based anodes. Particle cracking occurs during volume changes and leads
to pulverization, electrical insulation of the silicon, and film delamination [8]. Therefore, a significant improvement of
chemical and mechanical integrity of Si-based anodes is of fundamental interest for the establishment of next-generation
batteries with enhanced lifetime, cycling stability, and capacity retention [9]. For this purpose, a combined utilization of
graphite and Si powders within a 3D electrode architecture seems to be a promising approach. Graphite has a low specific
capacity but can provide improved volumetric energy density, cycle stability, and a long cycle lifetime (> 500 cycles);
while silicon contributes to the increased specific capacity at anode side [10, 11]. 3D electrode architectures can be easily
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achieved by ultrafast laser structuring which so far has been successfully implemented on lab scale [12, 13]. Mechanical
tensions within the silicon—graphite (Si/C) electrodes can be significantly reduced by introducing 3D electrode
architectures while an improvement in rate capability, cycle stability, and cell lifetime can be gained [13]. In this work, the
lithium concentration profiles in laser structured and unstructured Si/C electrodes were studied as function of C-Rate at
lithiated and delithiated states. The impact of 3D electrode architecture on cell performance and cell degradation
mechanisms will be discussed. For this purpose, laser-induced breakdown spectroscopy was employed and electrochemical
analytics of Si and Si/C electrodes were performed and evaluated.

2. EXPERIMENTAL
2.1 Battery Materials

The silicon—graphite electrodes consisting of 10 wt% silicon were fabricated for the studies. The total mass fraction of
silicon and graphite was kept to 80 wt%. Nano-sized Si particles with an average particle size of 150 nm (2W iTech, LLC,
San Diego, CA, USA) were used. Silicon particles were mixed with flake-like graphite particles (Dg, = 15.26 um, Targray,
Kirkland, QC, Canada) and carbon black (Timcal Super C65, MTI Corporation, New York, NY, USA) in pre-prepared
sodium carboxymethyl cellulose (Na-CMC, MTI Corporation, Richmond, CA, USA) solution. A planetary ball milling
machine (Pulverisette 7 premium line, Fritsch GmbH, Idar-Oberstein, Germany) enables the achievement of a homogenous
slurry. Finally, 5 wt% styrene-butadiene rubber (SBR, MTI Corporation, Richmond, CA, USA) was added at the end of
the mixing process. The slurry was coated via tape casting on a nickel-coated copper current collector (Targray, Kirkland,
QC, Canada). Afterwards, the electrode was dried at room temperature for 2.5 hours. Prior to laser structuring, the electrode
was calendered using a hot rolling press machine (HR01 Hot Rolling Machine, MTI Corporation, Richmond, CA, USA).
Finally, the prepared electrodes reveal a porosity of about 42 %.

2.2 Laser Structuring

A laser materials processing system (PS450-TO, Optec, Frameries, Belgium) equipped with a femtosecond laser
(Tangerine, Amplitude Systémes, Bordeaux, France) was used for laser cutting of electrodes and to create 3D structures
on the surfaces of the electrodes. The femtosecond laser operates at a fundamental wavelength of 1030 nm with a pulse
duration of 350 fs. The pulse repetition rates of 200 kHz and 500 kHz were applied for cutting and structuring, respectively.
With respect to isotropic volume expansions of silicon during battery operation, grid structures with a pitch of 100 pum and
300 um were generated in the manufactured electrodes.

2.3 Battery Operation

Coin cells of type CR2032 (MTI Corporation, Richmond, CA, USA) were used to characterize the electrochemical
properties of the laser-structured and unstructured electrodes. Cell assembly was performed in a glove box filled with argon
(LABmaster SP, MBraun Inertgas-Systeme GmbH, Munich, Germany) in a high-purity atmosphere (O, <0.1 ppm,
H20 < 0.1 ppm). The circular electrodes examined have a diameter of 12 mm. Lithium foil (Sigma Aldrich, St. Louis, MO,
USA) with a thickness of 250 um and a diameter of 11 mm was applied as counter electrode. A glass fiber separator with
a diameter of 15 mm (GF/A filter, thickness 260 um, Whatman, Maidstone, UK) served as an electrical insulator between
the electrodes. The used electrolyte (LP57, Merck AG, Darmstadt, Germany) consists of a 1.3 mol/L lithium
hexafluorophosphate (LiPFg) in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) solution with a weight ratio
of 3:7. Additionally, 5 wt% fluoroethylene carbonate (FEC) was added to the mixture, which can contribute to the
formation of a more stable solid electrolyte interphase (SEI). A total of 120 uL electrolyte was added to the electrode and
separator. To ensure a homogeneous wettability of the electrodes with the liquid electrolyte, the electrodes were previously
immersed in the electrolyte bath for 30 minutes. The cell components were assembled using an electric coin cell crimper
(MSK-160D, MTI Corporation, Richmond, CA, USA). The galvanostatic measurements were performed at room
temperature 22 °C applying a battery tester (BT 2000, Arbin Instruments, College Station, TX, USA). During formation,
the half-cells with Si/C electrodes were discharged at a low constant current of 0.02C. A constant voltage was applied just
after the cell reached the cutoff voltage of 0.01 V. Subsequently, the cells were charged at the same C-rate to upper cutoff
voltage (1.5 V). The procedure was repeated for three cycles to ensure a homogenous SEI formation. After formation, the
cells were prepared for the subsequent electrochemical C-rate performance analysis.

2.4 Laser-Induced Breakdown Spectroscopy

Laser-induced breakdown spectroscopy (LIBS) was performed on electrodes subsequently to electrochemical analysis,
starting from the top of the composite layer towards the current collector. For this purpose a laser-induced plasma was
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generated by a passive-mode-locked Nd:YAG laser (wavelength: 1064 nm, pulse length: 1.5 ns, pulse energy: 3 mJ, laser
repetition rate: 100 Hz, focus diameter on sample 100um) which was integrated in a LIBS analytic chamber system from
Secopta GmbH, Germany. The plasma light of each laser ablation pulse was analyzed by a Czerny-Turner spectrometer
(type: FiberLIBS SNO13, Secopta GmbH, Teltow, Germany). The detector covers spectral ranges of 229 - 498 nm and
569 - 792 nm. The data were analyzed by SEC Viewer 1.9 (Secopta GmbH, Teltow, Germany). The intensities of the
respective specific emission wavelengths of each element enable, overall, a complete quantitative or qualitative
stoichiometric analysis of the electrode. Due to the effect of self-absorption at the wavelength of 670.77 nm, the Li'
emission wavelength of 610.35 nm was used for the analysis of lithium [14]. The calibration data were derived from LIBS
and inductively coupled plasma atomic emission spectroscopy (ICP-OES) as described in [14]. Lithium concentration and
distribution related to C-rates was systematically investigated in the structured and unstructured Si/C electrodes.

3. RESULTS AND DISCUSSION

3.5 Laser Structuring

The type of structured Si/C electrode is demonstrated in (Error! Reference source not found.a in the top view). Those
electrodes are used for subsequent electrochemical performance studies. The structured channels in thick-film electrodes
(> 70 pum) usually revealed a “V”-shaped contour. The channel widths on the top of the electrodes and in the middle were
21 +2 pm and 14.4 + 1 um, respectively, and its value is reduced to a few micrometers on the bottom of the channels
which is close to the current collector. Model electrodes with micropillars were designed for the LIBS measurements to
investigate the lithium diffusion pathway in structured electrodes. This special type of electrodes consists of micropillars
with dimensions of 800 x 800 um? (Error! Reference source not found.b), which are arranged with a periodicity of
1200 pum. The microcolumns are realized by direct ultrafast laser ablation of the electrode material around the micropillars.
The layer thickness of the used electrodes is about 100 um. A smooth copper surface reveals a successfully selective
ablation without damaging the copper current collector.

(b)

Figure 1:Scanning electron microscopy (SEM) images of (a) laser-generated grid structures with a period of 100 um and (b)
laser-generated model electrode with micropillar structures (800 pm x 800 pum).

3.6 Electrochemical Properties of Silicon-Based Electrodes

The phase change of graphite has already been studied in detail [15, 16]. Concerning the Si/C composite system, it was
necessary to study the material property of silicon separately. Therefore, cyclic voltammetry (CV) was performed on the
cells with thin composite silicon anodes consisting of 40 wt% silicon directly after the cell assembly. It is well known that
the metastable crystalline phase LiisSis is only formed when the cutoff voltage is lower than a certain voltage value. Dahn
et al. [17] reported that amorphous Si films crystallize below 0.03 V. Therefore a cut-off voltage of 0.01 V was applied
(Figure 2).
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Figure 2: Cyclic voltammogram of cells with structured and unstructured Si electrodes recorded by a swap rate of 10 pV/s in a
voltage window of 0.01-1.5 V.

The lithiation of silicon occurs for voltages lower than 0.3 V, e.g., a’ at 0.28 V is marking the formation of the so-called
P-I phase (LiSi) [18]. At 0.23 V the phase transition from P-I to P-11 (a-Li-Sis) takes place. The broad current maximum
at 0.075 V is assigned to the formation of the P-111 phase (a-Lis16Si [18] or a-LissSi [19]). At a voltage of about 0.01 V
the formation of cr-LiisSis is expected to occur [18, 20, 21]. The current peak at 0.45 V in the anodic reaction (delithiation)
can be regarded as a material-specific indicator for the delithiation of cr-LiisSis phase which was previously formed at
0.01 V (cathodic reaction). The crystalline phase could be only detected in the laser-structured silicon electrodes. The
obtained results indicated that compressive stress affected both the electrochemical potential and the kinetics of the
electrochemical reaction. The CV experiments for unstructured Si electrode revealed that cutoff voltage is not the only
condition for crystallization. Compressive stresses within the electrode can reduce the electrochemical potential and restrict
the formation of the crystalline phase, namely, full lithiation.

Rate capability and cell degradation were studied for structured and unstructured Si/C electrodes. Grid structures with a
pitch distance of 100 um (Error! Reference source not found.a) were applied for structured electrodes. Figure 3 show the
selected results of the discharge capacity (lithiation of the Si/C electrode) as a function of cycle number.
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Figure 3: Specific discharge capacity of cells with structured and unstructured Si/C electrodes as function of cycle number.
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This lifetime test exhibits that cells with unstructured electrodes show a significant drop in capacity at C/2 after already 20
cycles while cells with laser structured electrodes show a significant lifetime improvement due to a reduced mechanical
degradation. Corresponding C-rate capability tests were performed [22]showing that the capacity of laser structured
electrodes slightly decreased with increasing C-rate and could provide a capacity larger than 380 mAh/g at a C-rate of 2C.
Subsequently, the capacity increased up to values larger of about 400 mAh/g at 0.1C indicating a slower capacity decay
which is mainly attributed to chemical degradation and quality of the used silicon powders. For example the natural SiO,
layer on the silicon particle's surface has an impact on the SEI formation and amount of irreversibly bonded lithium.
However, for unstructured electrodes at C-rates equal or above 1C, a significant drop in capacity from about 200 mAg/h
at 1C down to less than 100 mAh/g at 2C could be measured.

Kinetically limited lithium-ion diffusion is causing a lithium concentration gradient within the porous electrode which in
turn negatively induces an impact on cell performances. Laser-induced breakdown spectroscopy (LIBS) is a perfect tool
to identify such elemental gradients within the entire electrode. The LIBS studies of lithium distribution in structured and
unstructured graphite and Si/C electrodes could prove that the 3D battery concept positively impacts the lithium-ion
diffusion kinetics resulting in reduced cell polarization and extented cell life-time and rate capability. By means of LIBS
it could be shown that due to laser structuring new lithium-ion diffusion pathways were generated. Lithium-ions preferably
intercalate into the electrodes via the laser-generated sidewalls [23].

LIBS was performed with a point-to-point distance of 100 um on Si/C electrodes after formation (C/20), and at an elevated
C-rate of 1C for structured and unstructured electrodes. In case of delithiation, Figure 4 shows the 2D lithium concentration
profile of selected layers starting from the surface (“Layer 1”). The electrode material was ablated layer by layer down to
the current collector.
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Figure 4: Lithium concentration profiles in structured and unstructured Si/C electrodes delithiated during formation (C/20)
and at 1C. Electrode surface is assigned to “Layer 1”. The average LIBS layer thickness takes 9 pm. The lithium concentration
is defined as the ratio of the amount of Li substance to that of Si (nLi/nSi).

During formation (C/20) the lithium-ion diffusion kinetics is not a limiting factor which is shown by a homogenous and
low lithium distribution even in the entire unstructured electrode. With increasing C-rate (1C) a significant inhomogeneity
of lithium distribution in case of the unstructured electrode is detected. A lithium enrichment on the top of the unstructured
electrode was measured. In the unstructured electrode, an overall average lithium concentration of 3.27 + 0.75 was
achieved. Due to the new diffusion pathways along the channel sidewalls, the lithium-ions could be efficiently extracted
from the electrode material and revealed a lower average concentration of 2.70 £ 0.45. The residual lithium in the electrode,
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which could not be completely extracted from the host material, led to the capacity fading at high C-rates. The process is
particularly reversible, and the residual lithium in the electrode can be extracted by applying low C-rates.

In case of lithiation at 1C (not shown here), a lithium enrichment on top of the unstructured Si/C electrode within a depth
of 40 um was detected. Hereby, the average lithium concentration of the entire unstructured electrode took 3.38 which
corresponds to a specific capacity of 212 mAh/g. The lithiation process was implemented gradually and locally from the
top of the electrode down to the bottom. Contrary to this observation, the structured electrode revealed a higher average
lithium concentration of 4.30 and a significantly enhanced homogenized lithium distribution in the entire electrode. This
corresponds to a specific capacity of 272 mAh/g. Laser structuring shortened the diffusion path of the lithium-ions and
reduced the overall cell impedance, which led to a significant increase in diffusion kinetics at high C-rates [22].

The achieved results indicate that laser-generated 3D electrodes can accelerate the lithium-ion transport during the
lithiation and delithiation process and thereby realize the fast charging with reduced capacity loss. The lithium diffusion
pathways established at a 1C were further investigated in detail using electrodes with micropillar structures (Error!
Reference source not found.b) [22]. The measured lithium distribution showed that a lithium enrichment (nLi/nSi > 6) was
formed along the contour of the micropillars. LIBS results indicate that at elevated C-rates lithium-ions prefer to diffuse
through the free electrolyte via laser-generated sidewalls. This is due to the lithium-ion mobility in free electrolyte which
is faster than in the composite electrode affected by porosity and tortuosity. In addition, the 3D topology of composite
electrodes contributes to the formation of new lithium-ion diffusion pathways. However, in contrast to the LIBS results
obtained for graphite electrodes [23], a significant lower lithium concentration (nLi/nSi = 3,4) was detected on top of the
electrode. This is attributed to the closure of pores within the separator and compressive pressure in the electrodes caused
by the volume expansion of silicon. The lithiation process can be restricted by mechanical compressive stress. The
electrode materials along the sidewalls are almost free from mechanical loads. Therefore, the lithiation, in particular the
lithiation in silicon, was effectively promoted there.

4. CONCLUSION

In the presented paper, the high rate capability and cycle stability of cells with structured and unstructured Si/C electrodes
was presented. The influence of degradation processes in Si/C electrodes was correlated with regard to the lithium
concentration profiles in the entire electrodes. The lithium concentration and distribution of the structured electrodes
showed that at increased C-rates, new lithium-ion diffusion pathways were established in the composite electrodes along
the laser-generated sidewalls. The observed effect was due to a low compressive stress in the active material along the
sidewalls and a high lithium-ion mobility in the free electrolyte compared to the electrolyte embedded in the porous
composite electrode. Cell degradation of Si/C electrodes was attributed to the trapped lithium in the Si/C electrode. It can
be concluded that the mechanical stress accelerates chemical degradation and leads to early cell failure. 3D Si/C electrode
architectures established by ultrafast laser ablation enable a high rate capability, accelerate the lithium-ion transport, and
can effectively reduce mechanical stress and cell degradation. All these advantages can push silicon-based electrodes
beyond the state of the art into a high-energy anode material for next-generation batteries.
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