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Surface Reconditioning of Lithium Metal Electrodes by Laser
Treatment for the Industrial Production of Enhanced

Lithium Metal Batteries

Johannes Kriegler,* Heiko Ballmes, Serge Dib, Ali Gékhan Demir, Lucas Hille,
Yunhao Liang, Lovis Wach, Steffen Weinmann, Josef Keilhofer, Kun Joong Kim,

Jennifer L. M. Rupp, and Michael F. Zaeh

Incorporating lithium metal anodes in next-generation batteries promises
enhanced energy densities. However, lithium’s reactivity results in the
formation of a native surface film, affecting battery performance. Therefore,
precisely controlling the chemical and morphological surface condition of
lithium metal anodes is imperative for producing high-performance lithium
metal batteries. This study demonstrates the efficacy of laser treatment for
removing superficial contaminants from lithium metal substrates. To this end,
picosecond-pulsed laser radiation is proposed for modifying the surface of
lithium metal substrates. Scanning electron microscopy (SEM) revealed that
different laser process regimes can be exploited to achieve a wide spectrum of
surface morphologies. Energy-dispersive X-ray spectroscopy (EDX) confirmed
substantial reductions of ~80% in oxidic and carbonaceous surface species.
The contamination layer removal translated into interfacial resistance
reductions of 35% and 44% when testing laser-cleaned lithium metal anodes
in symmetric all-solid-state batteries (ASSBs) with lithium phosphorus sulfur
chloride (LPSCI) and lithium lanthanum zirconium oxide (LLZO) solid
electrolytes, respectively. Finally, a framework for integrating laser cleaning
into industrial battery production is suggested, evidencing the industrial
feasibility of the approach. In summary, this work advances the
understanding of lithium metal surface treatments and serves as proof of
principle for its industrial applicability.

1. Introduction

Lithium-ion batteries (LIBs) have become
an indispensable cornerstone of modern
society, serving as electrochemical energy
storage devices that power manifold tech-
nologies, most notably electric vehicles.!!]
Three decades of continuous technolog-
ical improvements by materials research
and engineeringl?l have advanced LIBs
with conventional intercalation electrodes
toward their material-related electro-
chemical energy limits.>*l The strive for
higher specific energies and volumetric
energy densities reasons the present inten-
sive research in next-generation lithium
metal battery technologies,>”! includ-
ing all-solid-state batteries (ASSBs),!*3°]
lithium-sulfur Dbatteries,'” and lithium-
air batteries."!l Lithium metal, with its
low electrochemical potential of —3.04 V
versus the standard hydrogen electrode
and high theoretical specific capacity of
~3860 mAh g!, is widely regarded as
the most auspicious anode material.['?]

Despite these benefits and the long-
year application of lithium metal anodes in
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primary batteries,?! several fundamental electrochemical issues

hinder the commercial success of rechargeable lithium metal
secondary batteries. The persisting unsolved hurdles involve the
safety-critical formation of needle-like lithium dendrites result-
ing from inhomogeneous lithium plating/stripping,!'*!*! large
volume changes during the charging/discharging,®! and the low
interface stability due to high reactivity.’>! Among the conse-
quences are escalating impedances and low coulombic efficien-
cies, curtailing battery lifetime.!1617]

Utilizing lithium metal anodes in advanced batteries demands
knowledge and precise control of the chemical and morpho-
logical surface conditions prior to integration. Typically, battery-
grade lithium metal is extracted from molten lithium chloride via
electrolysis!'®! and subsequently shaped into foil substrates via
extrusion and rolling processes.[1*2°l Moreover, vapor-based!?!?2]
or liquid-based!?}! techniques are researched for manufacturing
micrometer-thick lithium coatings.

Pure lithium metal reacts with atmospheric constituents,
such as nitrogen, oxygen, water, and carbon dioxide,?* form-
ing an inorganic native passivation layer. The resulting surface
layer consists of various chemical compounds, including lithium
carbonate (Li,CO,), lithium hydroxide (LiOH), lithium oxide
(Li,0),!% lithium nitride (Li;N), lithium carbide (Li,C,),?*! and
lithium oxalate (Li,C,0,).[”] Tt is generally accepted that such
passivation films comprise a bilayer structure consisting of an
outer layer of Li,CO,, Li,C,0,, and LiOH phases and an inner
Li, O layer, transitioning to the pure lithium metal bulk.[2>27-30]
The outer layer is typically thinner, with thicknesses of up to
20 nm, while the inner layer can extend to 100 nm.%3! The
exact passivation layer composition fluctuates based on the en-
vironmental conditions during production, transit, storage, and
processing.[32!

The passivation layer is pivotal as it affects the thermody-
namics and kinetics of reduction processes at the lithium-—
electrolyte interface, 3] contributing to non-uniform ionic sur-
face conductivities and promoting lithium dendrite growth.!1434]
To counteract degradation, lithium metal substrates undergo
pre-passivation before shipping to end-users,®] e.g., by car-
bon dioxide (CO,) gas treatment,3®! phosphorous coating,*”] or
fluorination.®] Nonetheless, the specific surface composition
and morphology of lithium metal substrates usually remain un-
known, complicating their incorporation into batteries and often
requiring additional expensive surface treatments.

In laboratory settings, surface contaminants are often removed
by manual techniques,!?! such as scraping with a scalpel,3®!
polishing with abrasive paper® or a toothbrush,*”! and adhe-
sive tape stripping.*”! Clearly, these methods suffer from lim-
ited reproducibility and scalability, especially for delicate and
thin lithium metal foils. Thus, calendering!*!! and abrasive
sandblasting(*?! have been proposed as more industrially feasi-
ble alternatives for diminishing the native surface layer. Post-
cleaning, an artificial solid electrolyte interphase (SEI) may be
superimposed on the high-purity lithium surface to enhance the
electrochemical stability and interface contact, thereby improv-
ing the electrochemical performance in combination with liquid
and solid electrolytes.[****°] However, the final surface condition
depends on the constitution of the original surface film,3%33] ne-
cessitating precise control over reaction conditions and contami-
nation levels.]
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Not only the chemical composition but also the surface mor-
phology plays a crucial role in lithium metal’s electrochemical
plating and stripping.[*’] Strategies to magnify the active sur-
face area for decreasing the effective areal current densities and,
thus, mitigating the risk of lithium dendrite growth include
surface pattering by micro-needles,“**’1 molds,I*8! or abrasive
sandblasting.[*?] Besides, lithium powder electrodes are tested,
inherently offering higher surface areas than standard lithium
metal foils.[**°% Other research concentrates on eliminating sur-
face imperfections, such as cracks or stress lines, that could trig-
ger irregular lithium deposition, referred to as high surface area
lithium.[3*°152] Reducing surface roughness and eliminating sur-
face defects on lithium metal substrates“!l homogenizes the ini-
tial current density distribution, diminishing the likelihood of
early dendrite formation.3%) Several techniques were proposed
to create flat and smooth lithium metal substrates, including
calendering,*! electrochemicall®*! or mechanical polishing,®”!
and pulsed laser deposition.

The promise of improved lithium metal batteries encourages
the search for reproducible methods to adjust the surface chem-
istry and morphology of lithium metal substrates.[*] Various
laser micro-processing techniques operating in partly overlap-
ping process regimes are established for a broad spectrum of
technical applications and present promising options for improv-
ing product functionality by precisely tuning surface quality and
texture.

First, laser micro-structuring by selective material ablation
generates deterministic surface structures. In the battery field,
this technique has found utility in increasing the anode—
electrolytel®*>> and cathode—electrolyte contact areal®*—8] as well
as in inserting directed pores for tortuosity reduction.>*-°!l Sec-
ond, laser micro-polishing is applied to smooth surface rough-
ness by combining remelting and ablation.[®*-%] Third, laser
micro-cleaning focuses on removing top-layer surface contam-
inants through targeted material removal.®*74 In the context
of battery research, laser radiation was successfully used for re-
moving Li,CO; from the surface of lithium garnet-type ceramic
electrolytes!””! and nickel-rich cathode active materials.l’®] Be-
sides, laser cleaning was applied to remove excessive binders
from the surfaces of LIB cathodes.”’]

In this work, a pioneering, scalable approach utilizing pi-
cosecond laser pulses for reconditioning the surface of lithium
metal foil substrates is introduced. The influence of various
laser process parameters on the resulting surface microstruc-
ture is comprehensively investigated. Elemental analyses in-
dicate that oxygen and carbon species on the lithium metal
surface can be significantly reduced, enhancing the surface
quality of lithium metal electrodes. Moreover, an electrochem-
ical proof of principle is provided by discussing the electro-
chemical performance of laser-treated lithium metal anodes
incorporated into symmetrical ASSBs based on lithium lan-
thanum zirconium oxide (LLZO)733! and lithium phospho-
rus sulfur chloride (LPSCL)!¥-84] as exemplary garnet oxide and
argyrodite sulfide solid electrolytes, respectively. Both materi-
als are among the most promising candidates for practical
ASSBs.[85869] Finally, a framework for integrating the devel-
oped process into high-throughput industrial battery produc-
tion lines is recommended, and processing rates are estimated.
The suggested technique for efficiently removing passivation
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(a) Laser source

(b) Deflection unit
(¢) F-theta lens

(d) Beam expander
(e) Z-axis

(f) X-y-table

(g) Optical window
(h) Deflection mirror

(i) Workpiece
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Cio < 1 ppm
Cop <1 ppm

Figure 1. A computer aided design rendering of the laser system incorporated in a micro environment is displayed. A red line indicates the laser beam
path. After emission from the laser source, the laser beam is guided through a beam expander to extend the raw beam diameter and vertically deflected by
a mirror to introduce it into the glovebox through an optical window. Subsequently, a second deflection mirror directs the laser beam into the deflection
unit, which controls the laser beam trajectory on the workpiece. The laser beam is focused by an F-theta lens mounted on the deflection unit.

layers serves as procedural enhancement in industrial lithium
foil manufacturing, facilitating the management of interfacial
resistances and interphase formation in lithium-based batteries
with liquid®®33] and solid electrolytes.[32! Moreover, super-clean
lithium metal anodes might facilitate lithiation during direct con-
tact pre-lithiation,['*#”] an advanced manufacturing method for
prolonging the lifetime of LIBs with conventional carbonaceous
or silicon-based anodes.

Laser treatment presents several distinct advantages relative to
traditional lithium metal surface cleaning methods, such as me-
chanical scraping. First, virtually arbitrarily thin substrates can
be processed without physical damage due to the non-contact
working principle. Second, the fine adjustability of the process
parameters allows for the reproducible generation of diverse sur-
face structures, concurrently limiting unnecessary material re-
moval. Third, the scalability of the process makes it suitable for
roll-to-roll processing, indicative of its adaptability to mass pro-
duction environments. Fourth, the laser-based approach stands
out as both economically attractive and environmentally sustain-
able because of the low energy consumption, avoidance of pol-
ishing agents, and omission of mechanical tool wear.

Collectively, this research provides scientific insights into the
mechanisms by which laser radiation can be employed in an in-
dustrial setting to eliminate surface contaminations from lithium
metal foil substrates, a pivotal step toward the fabrication of en-
hanced lithium metal batteries.

2. Experimental Section

2.1. Lithium Metal Substrate

Commercial battery-grade lithium metal foil substrates (China
Energy Lithium, China) composed of a 10-um-thick copper cur-
rent collector and a 20-um-thick pure lithium metal coating were
used for the experiments. The substrates were received from the
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supplier as roll good in an air-tight pouch bag containing an ar-
gon atmosphere. The pouch bag was opened and stored in a
glovebox incorporating argon atmosphere (¢, < 1.0 ppm and
Coy < 1.0 ppm) from delivery until the conduction of the experi-
ments. In order to assure comparability, all materials used in the
conducted experiments stemmed from the same material batch.

2.2. Laser System

The laser-based surface conditioning was performed using a laser
system incorporated in an argon-filled glovebox (Figure 1). The
residual atmospheric fractions of H,0 and O, were monitored
with adequate sensors and were kept below 1.0 ppm by a gas pu-
rification unit throughout the experiments. An additional purifi-
cation unit limited the amount of nitrogen within the experimen-
tal environment, restricting the formation of Li;N.B3%

The employed pulsed ytterbium fiber laser (YLPP-25-3-50-R,
IPG Photonics, USA) provides peak pulse energies of 25 yJ at
pulse repetition rates up to 1883 kHz, resulting in a maximum
average power of ~47 W. Laser pulses with a duration of 2 + 1 ps
were emitted at a fixed infrared wavelength of 1030 nm. The laser
beam source was located outside the glovebox system, and the
laser beam was guided into the box and in the scanning optics
as a free beam passing a fused-silica beam expander (Variable
Beam Expander, Edmund Optics GmbH, Germany) and several
mirrors. A high-speed 2D-scanning optic (Superscan IV, Raylase,
Germany) with a maximum angular velocity w of up to 200 rad s~!
deflected the laser beam.

An F-theta lens (JENarTM SilverlineTM, Jenoptics, Germany)
with a focal length f of 160 mm complemented the optical set-
up, resulting in a scan field of ~#78 x 78 mm?, a focal radius of
w, = 17.5 um, and a Rayleigh length z = 644 pm. The latter two
parameters were determined using a caustic measurement in-
strument and fitting functions according to ISO 11146-1, align-
ing well with theoretical calculations.
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Table 1. Parameter levels for the full factorial experimental laser process
study based on an infrared picosecond-pulsed laser arrangement directed
to the lithium surfaces. The peak pulse fluence F and the line overlap y
result from the pulse energy £, and the hatch distance d,, respectively.

Parameter Levels

Pulse repetition rate f/kHz 50, 1003

Pulse energy Eo/n) 1.25,3.75, 6.25, 8.75, 11.25, 13.75, 16.25,

18.75, 21.25

Pulse overlap PO/% 50, 60, 70, 80, 90

Hatch distance dj, /um 10, 20

Peak pulse fluence 0.26, 0.78, 1.30, 1.82, 2.34, 2.86, 3.38,
Fo/)scm=2 3.90, 4.42

Line overlap y/% 42.9,71.4

2.3. Laser Processing Experimental Design

Single and multi-pulse ablation thresholds, i.e., threshold flu-
ences Fy, of lithium metal were determined following a well-
known method to diagnose the energy distribution of Gaussian
laser beams by Liu.[®8 Therefore, drillings were manufactured
by single pulses as well as trains of 10, 100, and 1000 pulses at
a pulse repetition rate fof 50 kHz. Average diameters D of three
drillings each measured in two perpendicular directions were cal-
culated and ablation thresholds F, were obtained by fitting ac-
cording to

Fy
D*= 2w§~ln<a> (1)
using the peak pulse fluences F;, and the laser beam focal radius
W,.[58]

Thereby, the peak pulse fluence F, was calculated from the
pulse energy and the focal radius according to

2-E
F, = b

2
pore @)

A full-factorial experimental plan was established to assess the
influence of the pulse energy E,, the pulse repetition rate f, the
pulse overlap PO (introduced in the following Equation (4), and
the hatch distance d, (Table 1). The average laser power P is ob-
tained by

P=E f G)
The pulse overlap PO results from the scanning speed v, the

pulse repetition rate fand the laser beam's focal radius w,, accord-
ing to

1%
P =(1- 57 “”

Analogously, the line overlap y can be calculated from the
hatch distance d, by

d
y=(1—2j%) (5)
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Figure 2. The schematic shows the tested single-pass and multi-pass
scanning strategies. The laser parameters later used in this study for
lithium metal surface modification were calibrated through the evaluation
of the resulting surface morphology.

The laser process study comprised 180 parameter sets, which
were tested in a single-pass scanning strategy (Figure 2). A de-
lay time of 5 ms was set between every scan line to avoid heat
accumulation in the workpiece. Moreover, multi-pass scanning
strategies were tested, encompassing up to four passes N at al-
ternating perpendicular scan angles ¢. After laser treatment, the
samples were subjected to analyses without any other post pro-
cessing.

2.4. Optical Analyses

The lithium metal surface morphology was analyzed before and
after laser treatment using a scanning electron microscope (SEM)
(JSM-IT200, Jeol, Germany).

Topography images were recorded using a laser scanning mi-
croscope (VK-X 1000, Keyence, Japan). The surface roughness of
lithium metal foil samples, both before and after laser cleaning
was quantified using the area-based arithmetical mean height Sa,
following the guidelines outlined in DIN ISO 25 178.18%)

Additionally, elemental analyses were performed with the asso-
ciated energy-dispersive X-ray spectroscopy (EDX) module. The
average emission generation depth of EDX depends on the elec-
tron acceleration voltage and is in the range of the surface passi-
vation layer thickness.[?® Thus, the acceleration voltage was set to
alow value of 1 kV to measure the atomic fractions within a shal-
low penetration depth.!?®] Moreover, count maps were recorded,
cumulating 90 frames at acceleration voltages of 1 — 5 kV to vary
the intrusion depth.[?®] The field of view was shifted for every
count map to avoid alterations on the lithium metal substrate
surface by exposure to the electron beam.[?®! The samples were
transported from the glovebox to the SEM in air-tight contain-
ers to avoid contact of the lithium metal with the ambient atmo-
sphere. The SEM was located in a dry room with a dew point of
less than —45 °C and the specimens were subjected to dry room
conditions for less than 5 min before analysis.
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2.5. Solid Electrolyte Fabrication

Cubic-phase Lig ,sAlsLa;Zr, (T, ,0,, (LLZO) powders were
synthesized via a solid-state reaction at a batch size of 100 g.
Precursor powders with stoichiometric amounts of anhy-
drous lithium hydroxide (99.995%), lanthanum (III) hydroxide
(99.95%), zirconium (IV) oxide (99.7%), aluminum oxide (99%),
and tantalum (V) oxide (99.85%) were prepared with an excess
of 15 wt.% LiOH (all constituents from Thermo Scientific, Ger-
many). The powders were then homogeneously mixed in a zirco-
nia (ZrO,) jar with ZrO, milling beads (Retsch, Germany) and
absolute ethanol using planetary ball milling (PM100, Retsch,
Germany). The powders were dried and uniaxially pressed into
pellets at 0.5 MPa before calcination in ambient air at 750 °C for
2 h. After calcination, the green bodies were pre-sintered for an
isothermal hold at 1050 °C for 5 h to stabilize the cubic phase.
Subsequently, the pellets were ground in a mortar and ball milled
for 8 h each at 175 rpm. After drying, the powders were sieved for
30 min in a 43 um mesh to assure monodisperse particle distri-
butions (d50 = 0.5 um, d90 = 1 ym) and annealed at 700 °C for
5 h to remove Li, CO, impurities. Powders were then stored in an
argon-filled glovebox (¢,,0 < 0.1 ppm, ¢, < 0.1 ppm). Sintered
pellets were fabricated by uniaxially pressing the pre-synthesized
powders at 5 MPa with a 13 mm die and isothermal sintering
the green pellets at 1050 °C for 5 h under oxygen flow in magne-
sium oxide (MgO) crucibles (heating rate of 5 °C min™'). Dense
pellets of #11 mm in diameter and a density of ~95% resulted.
After sintering, LLZO pellets were dry polished using silicon car-
bide paper with grid sizes of 500, 800, 1200, 2400, and 4000 to
a thickness of 700 um. The pellets were annealed in an argon-
filled glovebox at 600 °C for 2 h to remove Li, CO, impurities on
the surface.

Moreover, argyrodite-type solid electrolyte separators were pre-
pared by coating a Li;PS;Cl (LPSCl) (POSCO JK Solid Solu-
tion Co. Ltd, Korea) binder slurry on Mylar foil (PPI Adhesive
Products, Ireland) under an inert atmosphere (¢, < 1.0 ppm,
Cop < 1.0 ppm) using an automated doctor blade with a coating
gap of 150 pm. After drying at ambient conditions, the samples
were uniaxially compressed with a pressure of 270 MPa, resulting
in typical thicknesses and porosities of ~30 um and 10 vol.%, re-
spectively. Solid electrolyte separators with a diameter of 15 mm
were stamped out.

2.6. Coin Cell Fabrication

Lithium metal surface areas of 20 x 20 mm? were laser-treated
using a reference parameter set (F, = 1.82 ] cm~2, f= 50 kHz,
PO = 60%, d, = 10 um) characterized in chapter 3 of this
work. Subsequently, electrodes were laser-cut (v = 0.3 m s7,
E, = 21.25 yJ, and f= 1833 kHz) from lithium metal substrates
in a pristine state and substrates that had undergone laser treat-
ment with a reference parameter set.

Symmetric all-solid-state lithium metal batteries and liquid
electrolyte lithium metal batteries were manufactured to test the
electrochemical performance of laser-cleaned lithium metal elec-
trodes. The 2032-type coin cells were manually assembled in a
glovebox (GS MEGA E-LINE, GS Glovebox, Germany) under an
argon atmosphere (¢y,, < 1.0 ppm, ¢5, < 1.0 ppm). Separators,
spacers, springs, and housing components were dried in an oven
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(B-585, Biichi, Switzerland) at 80 °C for 12 h. The total thickness
of the spacers amounted to 1.5 mm and the internal cell pressure
was set by a spring to 0.2 + 0.01 MPa.

A complete electrode overlap was ensured by electrode di-
ameters of 6/8 and 9/11 mm for the LLZO and LPSCl ASSBs,
respectively. Layer annealing by heating or pressurization was
omitted to prevent any potential alterations to the sample
surfaces.

For the liquid electrolyte lithium metal batteries, electrodes
with a diameter of 12 mm were utilized. Two layers of glass fiber
separator (Type 691, VWR, USA) with a diameter of 16 mm were
placed between the electrodes. For the cells with laser cleaned
lithium metal anodes, the laser-cleaned surfaces were in con-
tact with the separators, facing each other. Hundred microliters
of liquid electrolyte (LP572, BASF, Germany) containing 1 mol
lithium hexafluorophosphate (LiPF;) conducting salt dissolved
in ethylene carbonate and ethyl methyl carbonate solvent with
a mass fraction of 3:7 and 2 wt.% vinylene carbonate was added
using a pipet before closing the cell by mechanical crimping.

2.7. Electrochemical Characterization

The electrochemical evaluation of symmetric coin cells was con-
ducted inside a controlled climate chamber (ED-115, Binder, Ger-
many) at a constant temperature of 25 °C using a potentiostat
(VSP-3e, Bio-Logic, France) with the corresponding software EC-
Lab.

For the analysis of the ASSBs, galvanostatic electrochemi-
cal impedance spectroscopy (EIS) was employed. Measurement
points were recorded across a frequency spectrum ranging from
1 MHz to 100 mHz at an amplitude of 10 mV, and averaged
over three measurements. The impedance data was normal-
ized to the respective geometrical electrode area and halved to
represent a single lithium-electrolyte interface in the symmet-
ric cell. The impedance data was fitted to an equivalent circuit
comprising a high-frequency real resistance Ry in series with
a parallel circuit of a constant phase element CPE;g; and a
resistance Ry;sp, accounting for the solid electrolyte in contact
with the lithium metal.®®! A python package for electrochem-
ical impedance analysis!®®! was utilized for fitting. Due to arti-
facts prevailing at high and low frequencies regions, the range of
data points utilized for fitting was individually adjusted for each
impedance spectrum. For the LLZO-based ASSBs, the twelve
data points around the maximum absolute impedance value of
each spectrum were considered to account for differing time con-
stants of the interface impedance. The fitting frequency range for
ASSBs with LPSCl-based solid electrolyte separators was set to
316.2-31.6 kHz.

The liquid electrolyte cells underwent symmetric electro-
chemical cycling for 25 cycles, with each cycle involving 1 h
of dissolution (stripping) and 1 h of deposition (plating) at
constant areal currents of 100 pA ¢cm=™2. A pause time of
10 min was introduced between the dissolution and deposi-
tion steps. Electrochemical impedance spectra were recorded
through galvanostatic EIS before each cycle. Again, the mea-
surement points spanned a frequency spectrum of 1 MHz to
100 mHz at an amplitude of 10 mV and were averaged over three
measurements.
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Figure 3. a) The threshold fluences Fy, of lithium metal for different numbers of applied pulses are depicted. b) Single-pulse ablation thresholds Fy,
of various metals are compiled. Only values obtained at similar boundary conditions (pulse duration z: 2 — 10 ps, wavelength A: 1030 — 1070 nm) are
included to allow comparability. The single-pulse threshold fluence for lithium metal is marked with a star symbol and the letter k. The literature values
are extracted from the following references indicated as letters in plot (b): a:[°®]; b:[*7]; ¢, d:193]; e, I, p:[%8]; £1991; @:[1000: |y g, r:[101]; :[102]; 1y 1, :1103],

3. Results and Discussion

3.1. Laser-Based Surface Modification

The performed experiments intended to homogenously ablate a
small material fraction from the lithium metal substrate surface.
In the first step, single- and multi-pulse threshold fluences for
lithium metal had to be experimentally determined since no lit-
erature values for picosecond pulse durations were available (see
Section S1, Supporting Information). The threshold fluence is
a basic laser metric, referring to the minimum peak pulse flu-
ence required for material removal. A single-pulse threshold flu-
ence of 0.41 ] cm~? was obtained (Figure 3a), which is relatively
high compared to literature values for other metals at compara-
ble pulse durations and wavelengths (Figure 3b). Additionally,
multi-pulse threshold fluences were investigated since several
pulses successively hit the workpiece surface at the same spa-
tial position during areal laser processing, depending on the cho-
sen pulse overlap. It is known that the threshold fluence drops
for higher pulse numbers following an incubation power law.!!
This power law is depicted in Figure 3a with threshold fluences
0f0.13, 0.06, and 0.03 ] cm~2 for 10, 100, and 1000 pulses, respec-
tively. These values are significantly below multi-pulse thresh-
old fluences (0.6 — 35.5 ] cm™2) previously obtained for lithium
metal using nanosecond pulse durations applying 500 pulses.[?]
Lithium metal’s incubation factor S of 0.54 undershoots those
of other metals, such as copper, gold, nickel, and aluminum,
which are ~0.8,1%*) suggesting the necessity of a careful process
design at high pulse overlaps. A full factorial experimental plan
for planar material processing was established based on the ab-
lation threshold to control the surface morphology. In theory,
ultrashort-pulsed laser radiation with pico- or femtosecond pulse
durations suppresses heat transfer and promotes evaporation-
based material removal due to the ultrashort laser-matter interac-
tion time.[***] However, as heat accumulation triggered melt for-
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mation for some parameter sets, the generated surfaces were as-
signed to four distinct process regimes, exemplified in Figure 4.

Iflaser radiation failed to modify the surface, the parameter set
was categorized into the “no ablation” regime. Material removal
failed when peak pulse fluences were below the ablation thresh-
old, and pulse overlaps were insufficient to accumulate heat ef-
fectively, as illustrated in the feasibility maps in Figure 5.

When surface modification was observed, the samples were
classified as “ablation-dominated” or “melt-dominated”, depend-
ing on the extent of visible melt traces. Typically, higher peak
pulse fluences, pulse overlaps, and pulse repetition rates tended
to induce melt-dominated behavior, which can be reasoned by
promoted heat accumulation at shorter temporal and spatial
pulse intervals.[®?] Restricting these parameters to lower values
led to evaporation-governed material removal, avoiding exten-
sive melt formation. It is important to note that even within
the ablation-dominated regime, melting could not be obviated
entirely. This might be due to lithium's low melting point of
180.5 °Cl24 compared to its evaporation point of 1347 °C,[2*] en-
tailing a seamless transition between both regimes. The mor-
phological surface changes induced by laser treatment in the
ablation-dominated regime indicate its suitability for laser clean-
ing. In contrast, heat accumulation during ultrashort-pulsed
laser polishing at high pulse repetition rates can be exploited for
surface smoothing.[®? Thus, the improved layer-to-layer contact
by eliminating surface defects and lowering surface roughness is
particularly interesting for ASSBs, reducing the need for anneal-
ing steps by pressurization or melting.

Finally, the fourth process regime was designated as the “cra-
tering regime” as melt was dislocated sideways by melt dynamics
and vapor recoil pressure, leaving behind surfaces with macro-
scopic kerf structures. The tendency for groove formation in-
creased with rising temporal, spatial, and pulse-specific energy
input in combination with the larger hatch distance of 20 pm.
The cratering process regime can be leveraged to create stochastic

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Scanning electron microscopy images showing the identified laser process regimes in dependence of the pulse repetition rate f, the pulse
fluence F, the pulse overlap PO, and the hatch distance d, are depicted. The laser scan direction was from left to right. A reference parameter set
(Fo = 1.82 ) cm™2, f= 50 kHz, PO = 60%, d}, = 10 um) from the ablation-dominated process regime was selected for the experiments presented in the

subsequent sections.

patterns through melt displacement, expanding the surface area
(see Section S2, Supporting Information).

The surface roughness Sa of the lithium metal foil follow-
ing laser treatment varied between 0.15 and 2.30 pm, depend-
ing on the applied process parameter set (see Section S3, Sup-
porting Information). Consequently, the surface roughness ex-
hibited the potential for both reduction and elevation compared
to the pristine lithium metal foil, which initially had a surface
roughness of Sa = 0.24 um. The deliberate laser-induced forma-
tion of mazes, bumps, nano-forests, trenches, and chaotic mi-
crostructures has already been demonstrated for various metals,
such as aluminum, copper, stainless steel, and titanium.[1%*] In-
creasing the active surface area analogously to alternative tech-
niques for creating organized*s*® or chaoticl*?! surface struc-
tures may prove particularly valuable for liquid-electrolyte bat-

Adv. Funct. Mater. 2024, 34, 2313766 2313766 (7 0f16)
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teries, reducing the effective current density at the lithium—
electrolyte interface.*2464! It shall be noted that longer pulse
durations in the nanosecond range may also be a suitable
choice to effect melting and cratering!®! since lithium metal
primarily undergoes melting rather than evaporation on that
timescale.[192]

The remainder of this work concentrates on removing lithium
metal surface contaminations by laser cleaning in the ablation-
dominated process regime. Therefore, a particular reference
parameter set was selected featuring a peak pulse fluence of
F, =1.82 ] cm™?, a pulse repetition rate of f= 50 kHz, a pulse
overlap of PO = 60%, and a hatch distance of d;, = 10 um. This
parameter set unambiguously changed the surface morphology
compared to pristine samples, indicating material removal while
limiting melt formation.

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. The process feasibility maps illustrate the dependence of the occurring process regimes from the pulse overlap PO and the peak pulse fluence
F, for pulse repetition rates of a,b) f= 50 kHz and c,d) f= 1003 kHz in combination with (a,c) hatch distances of (a,c) d,, = 10 um and (b,d) d}, = 20 um.

3.2. Removal of Surface Contaminants

Next, the feasibility of laser cleaning for removing contaminants
from the lithium metal surface was investigated. For this pur-
pose, the reference parameter set was applied with up to four
consecutive passes, adjusting the scan direction by 90° after ev-
ery laser cleaning cycle, as exemplified in the protocol of Figure 2.
While multi-step laser micro-polishing usually targets a step-wise

Pristine Number of passes N=1

Non-degraded

Number of passes V=2 Number of passes N=3 Number of passes N=4

reduction of the surface roughness,['%! the primary objective in

these experiments was to gradually reduce oxygen and carbon
residues on the substrate surface. However, microstructural sur-
face imperfections like scratches were progressively eliminated
with each pass, and the directionality of the surface features di-
minished as continuous rescanning merged neighboring micro-
bumps (Figure 6, top row).1°41%] Additionally, lithium metal sub-
strates were exposed to ambient conditions (dew point x5 °C)

Figure 6. Scanning electron microscopy images of (top row) pristine and (bottom row) degraded lithium metal surfaces with 0 — 4 laser passes are
displayed. The laser scan direction was from left to right for one pass and adjusted by 90° after every laser cleaning cycle for the multi-pass strategies to
reduce the directionality of the resulting surface patterns.
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Figure 7. Light images, scanning electron microscopy (SEM) images, and energy-dispersive X-ray spectroscopy (EDX) mappings of oxygen and carbon
at the transition between a laser-treated (top part) and an untreated (bottom part) surface area for a non-degraded and a degraded lithium substrate

are shown. The EDX acceleration voltage was 1 kV.

for ten minutes to intentionally trigger the formation of a dis-
tinct passivation layer (see Section S4, Supporting Information).
Seo et al. (2022) determined a contamination layer growth rate
of 24 nmemin~! on fresh lithium metal using optical spectro-
scopic ellipsometry, which suggests that the formed contamina-
tion layer in this experiment surpasses 100 nm.[*”] Strong degra-
dation traces in the form of lamellar surface structures were ob-
served on the degraded samples. However, laser treatment suc-
cessfully removed these structures, reestablishing a planar sur-
face (Figure 6, bottom row).

Areal EDX maps were recorded to visualize the levels of oxygen
and carbon present on the surface (Figure 7). Lithium is not rep-
resented in these maps due to the limitations of standard EDX
in detecting elements with low atomic numbers. Despite this,
one can consider EDX mapping for carbon and oxygen as indi-
cators for surface contaminations. The carbon content was evi-
dently reduced in the laser-treated regions of both the degraded
and non-degraded samples. Moreover, laser cleaning decreased
oxygen fractions, particularly on the degraded samples, under-
lining the success of the presented method. These findings align
well with results from Wolf et al. (2021), who reported a prefer-
ential reduction of carbonate species by sandblasting.[*?!

A possible rationale is that carbon compounds are primar-
ily located in the outermost surface layer, which is mainly mea-
sured at an acceleration voltage of 1 kV. Additionally, lithium car-
bonate forms relatively slowly compared to oxygen compounds,
which makes it reasonable to expect a reduced amount of carbon
on freshly exposed lithium surfaces and accords with observa-
tions in Refs. [108,27]. In contrast, the freshly excavated lithium
metal may be susceptible to rapid oxygen passivation due to at-
mospheric contaminations in the glovebox and transport module
as well as during insertion in the SEM, where it was briefly ex-
posed to dry air, even if only for a maximum of five minutes.!'%]

In the following steps, count maps were generated at various
acceleration voltages up to 5 kV for quantitative analysis to inves-
tigate the material composition in deeper regions by successively
increasing the measurement depth (Figure 8). According to Otto
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et al., an acceleration voltage of 5 kV corresponds to an average
penetration depth of ~#800 nm.[?8] The absolute counts for oxy-
gen were significantly higher for the degraded compared to the
non-degraded lithium metal substrates before laser treatment,
accounting for a more pronounced surface layer. For instance, the
oxygen counts for the non-degraded and degraded samples at an
acceleration voltage of 5 kV were 2940 and 20 000, respectively
(Section S5, Supporting Information). The oxygen and carbon
counts on the laser-treated samples were referenced to the values
of the untreated samples at the respective acceleration voltages to
assess relative changes in the surface composition (Figure 8).
Except for oxygen at the lowest acceleration voltage of 1 kV on
the degraded sample, surface contaminants were significantly re-
duced in all configurations. When testing the non-degraded sub-
strates, a significant drop in oxygen and carbon was noticeable
at lower acceleration voltages (1 — 3 keV). Specifically, oxygen de-
creased by up to 81% and carbon by up to 83%, both at an accel-
eration voltage of 3 keV and one laser pass (Figure 8a,c).
Intense signals at higher acceleration voltages for the degraded
samples confirm the presence of thicker passivation films. Con-
sistent carbon diminutions ~60 — 80% were detected across all ac-
celeration voltages on the degraded samples (Figure 8d). In con-
trast, a more prominent lowering of oxygen traces occurred at
higher acceleration voltages, indicating the reformation of a thin
layer of oxidic compounds after laser treatment. Applying multi-
ple passes did not yield a detectable oxygen or carbon reduction
within the conducted experiments. The measurement routine in
the EDX might be the reason for this, as the one-pass samples
were initially analyzed, and sample degradation cannot be ex-
cluded even in high vacuum and with short measuring times.

3.3. Electrochemical Analysis
Laser-treated lithium metal electrodes were integrated into sym-

metrical ASSBs to assess their chemical stability under electro-
chemical testing conditions. In this context, LLZO and LPSCl

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. Normalized count intensities I, of a,b) oxygen and c,d) carbon as a function of the electron acceleration voltage are shown for (a,c) a non-
degraded and (b,d) a degraded sample. The counts measured for the laser-treated samples I, are normalization to the counts measured for a non-

I
modified sample at the same acceleration voltage I, according to I, = 1- Ip—° Thus, a negative value for I, signifies a reduction of the respective

element by laser treatment.

were chosen as showcase solid electrolyte separator materials. In
contact with lithium metal, LLZO generally exhibits a high chem-
ical stability,[11®1!!] whereas LPSCI forms compounds such as
Li,S.111291 EIS was applied to measure the effect of the laser treat-
ment of lithium metal electrodes on the interfacial resistances in
contact with solid electrolytes. This experiment primarily focused
on demonstrating the impact of reduced carbonaceous and oxi-
dic species, as confirmed by EDX in the preceding section, on the
interfacial resistances rather than optimizing the electrochemical
battery performance.

The normalized electrochemical impedance spectra of LLZO-
based and LPSCl-based symmetric ASSBs at open circuit voltage
(OCV) conditions are exemplified in Figure 9a,c, respectively. No
distinct electrolyte bulk and grain boundary resistances appeared
in the high frequency region (R ~ 0 Q cm?) due to superposi-
tion with the interface resistances. However, by assuming that
the electrolyte resistances remain constant and are not affected
by laser treatment, changes in Ry;; can be attributed to altered
interface resistances.

Values for Ry;s; were obtained by fitting an equivalent circuit
model to the measurement data of several symmetric ASSBs. Av-
erage Ry;sp values for ASSBs with LLZO and LPSCI solid elec-
trolyte separators, including error intervals, are comprised in
Figure 9b,c, respectively. Laser treatment notably reduced Ry;sg
from 1433 + 411 to 801 + 223 Q cm? (~44%) for the LLZO-
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based and 139 + 15 to 91 + 54 Q cm? (~35%) for the LPSCI-
based ASSBs compared to similar cell architectures with pris-
tine lithium metal electrodes. The rather high interfacial resis-
tances for LLZO can be traced back to the omission of dedi-
cated annealing measures aimed at avoiding any impact on the
electrode—electrolyte interface. Typically such steps are applied
to reduce the interfacial resistances and, amongst others, involve
isostatic pressing at high external pressures of several hundred
megapascals,[!1311432] heating 1111151 or melting.!!1%! For compar-
ative impedance data, the reader is referred to prior literature on
ASSBs with LLZO17-12032] gnd LPSCLI!1212182] geparators.

It is concluded that the substantially reduced interfacial resis-
tances can be traced back to the passivation layer removal through
the laser treatment approach introduced in this paper, exposing
pristine lithium metal toward a solid electrolyte selected to either
be a lithium garnet oxide, such as LLZO, or a lithium argyrodite
sulfide, such as LPSCI, compound.

To mitigate the influence of the electrode—electrolyte interfa-
cial contact inherent to cells with solid electrolytes, the electro-
chemical results obtained in ASSBs were complemented with
those from lithium metal batteries using a liquid electrolyte.
Figure 10a depicts the overvoltages observed during the symmet-
rical cycling of a cell with pristine lithium metal anodes and a
cell with laser-treated electrodes. The overvoltages, representing
the cell voltage accounting for both electrodes, align well with

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 9. Exemplary Nyquist plots of symmetric all-solid-state batteries (ASSBs) with laser-treated and pristine lithium metal anodes combined with a)
an LLZO and c) an LPSClI solid electrolyte separator are displayed. The relevant frequencies for the fitting procedure are labeled. The data is normalized
to the surface area of one interface in the symmetric cell. A high-frequency resistance (Ry) in series with a parallel circuit of another resistance (Ryjs¢)
and a constant phase element (CPE;sg) were used as equivalent circuits for the fitting procedure. The average resistances Ry;sg of symmetric ASSBs
incorporating laser-treated or pristine lithium metal anodes with b) LLZO and d) LPSCl separators are depicted. The error bars account for the standard

deviation of three cells in each case. No degradation procedure was applied to the lithium metal anodes tested in these experiments.

the voltage range reported in the literature for similar experimen-
tal setups./*!*2] Notably, the laser-treated cell exhibits lower and
more consistent overvoltages compared to its pristine counter-
part. This behavior aligns closely with findings reported by Beck-
ing etal. (2017),1!] who utilized a calendaring step to thin the na-
tive surface film, and Wolf et al. (2021),[“?! who employed abrasive
blasting for surface film removal.

In Figure 10b, Nyquist plots for both cells recorded under OCV
conditions in the initial state, after the 1% cycle, and after the 25"

cycle are presented. The impedance of the laser-treated cell re-
mains relatively constant throughout the cycles, contrasting with
the significant decrease in impedance observed for the pristine
cell after the first cycle. In the initial cycle, the native surface
film predominantly influences the impedance, but as cycling pro-
gresses, changes in the surface morphology and chemistry of the
lithium electrodes occur due to continuous lithium dissolution
and deposition.[*!] The creation of fresh lithium surfaces during
cycling diminishes the impact of the native film. The lower initial

(a) 160 (b)

0.104 7=100 pA-cm™ 7 -
T leo -

0.05 - 4 & E . 4
E MHHHHJJJJIJJJJJJ”J é .
o 0.00 4 ' - g 30 - E.a'i B 8 @ ]
%[) N A R hhnhhlllkkkhk‘\‘\‘wkb\ — Er )
=—0.054 | ”HHIHHHV'II""' Q . L =

N2 ] ‘. 'S . OGQ‘QQLSQ |
~ o101 ]l E 01 s g ¥
T T T T T Of :

0 10 20 30 40 50 60 70
Time/h —

Pristine
—— Laser-treated

1 1 1 T 1
0 50 100 150 200 250 300
Re(2) / (Q-cm?) —

lst

Pristine: = Initial = cycle 25% cycle

Laser-treated: e Initial ¢ 1% cycle 25" cycle

Figure 10. The electrochemical testing results for symmetric lithium metal batteries with a liquid electrolyte are presented. a) The voltage profiles of a cell
containing pristine electrodes and a cell containing laser-treated electrodes during symmetrical cycling at constant areal currents of I = +100 uA cm™2

over 25 dissolution—deposition cycles. b) Nyquist plot showing the impedance data for the initial state, the 15 cycle, and the 2

and the laser-treated cell.
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Figure 11. An integration concept for laser cleaning of lithium metal substrates in battery production is schematically displayed. The state of the lithium
metal surface is indicated in the insets. Applying an artificial solid electrolyte interphase (SEl) after laser treatment can involve various electrochemical,

chemical, or physical methods.[44]

impedance of the laser-treated cell supports the hypothesis that
the native surface film was partially removed or reduced in its
thickness. The impedance remained higher for the pristine cell
compared to the laser-treated cell also after 25 cycles. With on-
going cell operation, the absolute impedance, accounting for the
native surface film and the SEI formed by the contact of fresh
lithium metal with liquid electrolyte, is increasingly dominated
by the newly deposited lithium.[*?] Tt is postulated that SEI forma-
tion is influenced by the composition of the native surface film
before cycling, potentially contributing to enhanced electrochem-
ical performance for the laser-treated cell, manifested in lower
overvoltages and a reduced cell impedance.

Becking et al. (2017) substantiated their findings through
post-mortem X-ray photoelectron spectroscopy(XPS) and SEM
analyses, demonstrating that the thinning of the native sur-
face film leads to alterations in electrode morphology and SEI
chemistry*!] These surface changes are considered advanta-
geous factors contributing to the extension of cell lifetime, pro-
viding insight into a similar behavior for the cells presented in
this study.

3.4. Industrial Practicability Study

Industrially producing lithium metal batteries requires slitting
and contour cutting by laser radiation to generate anodes from
the roll goods delivered from foil suppliers.?2123] Employing
laser-based surface modification prior to anode singulation, cell
stacking, and packaging limits the time for the ongoing passi-
vation layer reformation.[®] At this juncture, cell manufacturers
may also superimpose their proprietary artificial surface layers
for passivation or tailoring the lithium metal substrate surface to
align with their specific cell chemistry, especially with respect to
the employed solid or liquid electrolyte.

Moreover, laser treatment reduces the necessity of a high-
purity atmosphere to the process steps from surface modification

Adv. Funct. Mater. 2024, 34, 2313766 2313766 (12 of 1 6)

RIGHTSE LI MN iy

to cell assembly. As surface contaminants can be removed, pro-
cessing and handling steps preceding laser treatment may be per-
formed at less demanding environmental conditions, such as dry
air, reducing expenses. A conceptual depiction of the implemen-
tation of laser-based surface modification within the manufactur-
ing chain for lithium metal batteries is illustrated in Figure 11.

Embedding the laser parameters identified in the preceding
sections of this publication in a production scenario with a
lithium foil substrate width of 70 mm and a roll-to-roll feed rate
of 6 m min~, i.e., a material throughput of 0.42 m min~, allows
to calculate a necessary scanning speed to confirm to the targeted
hatch distance (Table 2).

The requested scanning speed of 700 mes™! perpendicular to
the substrate feed direction can be served by highly dynamic

Table 2. A scenario for the industrial implementation of laser surface treat-
ment of lithium metal substrates in a roll-to-roll process is modeled. The
scenario parameters are based on reasonable assumptions in the con-
text of industrial battery production. The assumed laser parameters are
adopted from the experimental results presented in the preceding sections
of this work. The required laser system parameters are calculated. For rea-
sons of simplification, a scanner utilization efficiency of 100% is assumed,
disregarding laser-off-times when switching between polygon facets.

Scenario parameters Substrate feed rate s/(m min~") 6
Foil width b/mm 70
Material throughput TP/(m? min~") 0.42
Assumed laser parameters Pulse peak fluence Fy/() cm~2) 1.82
Pulse energy E, /u) 8.75
Pulse overlap PO/% 60
Focal radius wy/um 17.5
Hatch distance hy/um 10
Required laser system Scanning speed v/(m s~') 700
parameters Pulse repetition rate f/MHz 50
Average laser power P/W 437.5
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polygon scanning units, incorporating a constantly moving
polygon wheel for a one-directional beam deflection.'2#12%]
Such polygon scanning units were already implemented for
laser micro-processing, achieving material throughputs up to
0.77 m? min~1.'%] Moreover, multibeam processing might be a
feasible alternative to reach high material throughputs.!12¢]

The necessary pulse repetition rate can be calculated using the
desired pulse overlap (see Equation 4). Within the modeled sce-
nario results, the required pulse repetition rate is 50 MHz, re-
sulting in an average laser power of 437.5 W to deliver pulse ener-
gies of 8.75 pJ (Equation 3). Picosecond laser beam sources meet-
ing these requirements are scientifically established and com-
mercially available,'?”] confirming the industrial practicability
of the demonstrated laser process. As a consequence, the high
scalability of the laser-based surface modification allows its inte-
gration into roll-to-roll industrial battery production chains. The
estimated process costs for lithium metal laser cleaning, based
on the calculated material throughput of 0.42 m? min~!, are
0.93 US$ m™ according to production cost modeling for a fa-
cility situated in Germany (Section S6, Supporting Information).
In consideration of a lithium foil price of 1000 US$ kg~! for foil
thicknesses below 100 pum,!*] these costs constitute less than 9%
and 4% of the total price of 10.64 US$ m~2 for 20 and 50 um
foils, respectively. It is anticipated that the expenses associated
with laser cleaning could be even lower in production sites with
reduced labor and energy costs. Additionally, improving the pro-
cess design to increase the material throughput and an expected
reduction of the investment costs for laser system components
further alleviates the overall cost burden of laser cleaning.

4, Conclusion

A low interfacial resistance enabled by precisely controlling the
passivation levels at the interface between lithium metal elec-
trodes and solid electrolytes is a key performance metric to un-
lock ASSBs with increased energy densities compared to conven-
tional lithium-ion batteries. To date, research has predominantly
considered treating lithium metal substrates with non-scalable
and rather manual methods, hampering the transfer to scale on
industrial production lines. In contrast, a unique laser setup in
a controlled environment was constructed in this study to inves-
tigate the capability of pulsed laser treatment for removing su-
perficial contaminants on delicate lithium metal substrates, ulti-
mately improving the interface toward solid electrolytes. The pre-
sented approach represents an extension to lithium metal battery
manufacturing by providing finer control and greater efficiency
in lithium surface manipulation, aiming at diminished interfa-
cial resistances and elevated fast charging capabilities in ASSBs.

To this end, various laser process regimes were explored using
the custom-designed laser module to tailor the surface properties
of lithium metal substrates. While the precise adjustability of the
laser process facilitates the creation of a multitude of morpholog-
ical and chemical surface conditions, an ablation-based laser pro-
cess regime was selected, concentrating on modifying the chem-
ical nature of lithium metal substrates. EDX revealed a decrease
of oxygen and carbon on laser-treated lithium metal surfaces by
~80%. Besides, it was shown that even heavy surface contami-
nations on lithium metal substrates stemming from subjection
to ambient air can be significantly reduced, predicting a pathway
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for the reconditioning of degraded material. Symmetric ASSBs
using separators from two of the most impactful inorganic solid
electrolytes were manufactured to validate the efficacy of the laser
treatment. It was confirmed that removing the passivation layer
reduced initial interface impedances in the symmetric battery
cells comprising lithium garnet oxide and argyrodite sulfide solid
electrolytes by 44% and 35%, respectively. The promising chem-
ical and electrochemical results point to the effectiveness of the
laser treatment.

Collectively, the low laser pulse energies required for the sur-
face treatment ~1.8 ] cm~2, together with high pulse repetition
rates in the MHz range offered by modern laser sources, hold
potential for implementing the proposed method into industrial
roll-to-roll production lines. Compared to alternative methods,
the laser-based approach offers the advantage of being free of me-
chanical impact, allowing for the processing of thin and delicate
substrates required for reaching high-energy lithium metal bat-
teries.

Future work requires the exploitation of complementary char-
acterization techniques such as XPS and time-of-flight secondary
ion mass spectrometry (see Section S7, Supporting Information).
Furthermore, to deepen insights into the evolution of interface
layers, it is recommended to conduct additional electrochemical
testing of laser-cleaned lithium metal anodes. These experiments
should encompass both symmetric and full cells, incorporating
liquid and solid electrolytes to unravel the dynamic processes at
the electrode-electrolyte interface. Thereby, tailoring the surface
chemistry of lithium metal substrates to the aspired cell design
by superimposing proprietary artificial protective layers directly
after laser cleaning offers a promising pathway for manufactur-
ing improved lithium metal batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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