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A B S T R A C T

This study presents the synergistic application of optimized laser-induced periodic surface structure (LIPSS) 
patterning conducted under ambient conditions and the deposition of an artificial solid-state electrolyte (aSEI) 
for the fabrication of a novel lithium-less lithium metal electrode (L3ME) utilizing stainless steel (SS). The 
composite anode-less substrate demonstrates the capability to facilitate the reversible plating and stripping of 
metallic lithium over several hundred cycles in aprotic battery systems. The LIPSS technique generates a 
patterned surface characterized by micrometer-long ripples with a lateral periodicity ranging from 150 to 
250 nm, whereas the deposition of the aSEI results in a uniform and smooth surface morphology achieved 
through the homogeneous dispersion of a polymeric-inorganic composite film. This research unveils, for the first 
time in the literature, the synergistic combination of laser patterning and aSEI pre-deposition, thereby advancing 
current methodologies for anode-less electrode fabrication. An extensive analysis was conducted on varying 
LIPSS patterning conditions and aSEI compositions to assess their implications on electrochemical performance. 
The constructed L3ME comprises a stainless steel thin foil featuring a mesostructured surface marked by a regular 
distribution of iron (Fe) and iron oxide (Fe2O3) ripples. This structured surface is seamlessly integrated beneath a 
uniform polyethylene oxide and lithium nitrate composite film, allowing for the manufacture, handling, and 
storage of L3ME substrates in dry air, eliminating the necessity for inert atmosphere conditions. The optimized 
L3ME electrodes exhibit remarkable performance in aprotic lithium cells, facilitating fully reversible metallic 
lithium stripping and deposition, with exceptionally high coulombic efficiencies nearing 100 % over numerous 
cycles across various galvanostatic conditions that adhere to commercial standards (current densities of 
0.25–1.25 mA cm− 2 and areal capacity limits from 0.5 to 5 mAh cm− 2). Comparative benchmarking of L3ME 
performance against bare copper electrodes and other anode-less substrates highlights the distinctive efficacy of 
the combined LIPSS and aSEI technique in enhancing the reversibility of lithium plating and stripping through a 
selective inhibition of electrochemical lithium dissolution.

Introduction

Green and sustainable energy storage technologies are currently in 

the spotlight of public interest[1–4]. Over the last three decades, sig
nificant investments in research and development from companies, 
academia, and national laboratories have facilitated the evolution of 
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batteries capable of powering the transition from mobile devices to 
portable electronics, power tools, and hybrid electric vehicles[5–11]. 
This remarkable technological shift is rooted in the chemistry of 
lithium-ion intercalation and its unique versatility[12–18]. The puzzle 
of optimizing active materials at electrodes alongside tailored electro
lyte formulations (i.e., liquid, gel, polymeric, or solid) allows for fine 
tuning the performance of lithium-ion batteries (LIBs) to meet the re
quirements of various specific applications[2,4,6,8,16,19]. Unfortu
nately, the lithium-ion intercalation paradigm is approaching its 
theoretical limits, thereby opening the search for novel flexible pro
cesses to store energy in batteries for upcoming technological chal
lenges, which include large-scale stationary energy storage from 
renewable sources and full electric mobility[20–23]. Various solutions 
have been proposed, studied, and demonstrated, ranging from alloying
[24] and conversion[25–27] to anionic redox couples[28–31] and 
multivalent cations [32–34], with the ultimate goal being a break
through in enhancing electrode performance without compromising 
safety, sustainability, and costs [1,16,23,35,36].

Among the proposed methods, the electrochemical plating and 
stripping of lithium metal at the negative electrode can potentially result 
in a significant performance leap, owing to the exceptional theoretical 
capacitative figures of lithium metal electrodes (Qth = 3860 mAhg− 1 and 
E◦ = –3.04 V vs SHE, standard hydrogen electrode), as compared to 
commercial negative graphite electrodes for LIBs (Qth =372 mAhg− 1 and 
≈ – 2.9 V vs SHE), or the state-of-the-art research-grade negative silicon 
conversion electrodes Qth = 3579 mAhg− 1 and ≈ – 2.8 V vs SHE)
[37–44]. However, lithium metal electrodes experience poor coulombic 
efficiency (CE) upon cycling in batteries due to their propensity to form 
heterogeneous and non-uniform surface morphologies at the nano- and 
meso-scales, such as dendrites and dead lithium[43,44]. A wide variety 
of strategies have been proposed to address this unavoidable problem, 
which stems from the thermodynamic instability of any metallic lith
ium/aprotic electrolyte active interface. Almost all aprotic polar elec
trolytes capable of facilitating lithium ion transport operate outside their 
thermodynamic stability window at the negative electrodes in LIBs, 
particularly on lithium metal[45–49]. Generally, advances in the elec
trochemical reversibility of lithium stripping and deposition have been 
achieved through various methodologies, including: 

• Tuning the electrolyte formulation to promote the formation of a 
passivation film on lithium or to modulate the electro- 
crystallization/dissolution [37,50–53].

• Preforming suitable solid electrolyte interphases on lithium that can 
mitigate parasitic reactivity during cycling and buffer volume 
changes[40,50,54–58].

• Alloying lithium with aluminum (or indium, zinc, bismuth, or 
arsenic) to enhance the nucleation and growth of smooth and ho
mogeneous lithium deposits[59–65].

• Developing and optimizing three-dimensional open morphologies 
for copper current collectors to accommodate the nucleation and 
growth of lithium[66–68].

Here we investigate the use of AISI 316 stainless-steel (SS) foil 
electrodes structured with femtosecond laser-induced periodic surface 
structures (LIPSS) coated with a hybrid artificial solid electrolyte 
interphase (aSEI) as anode-less (or lithium-less) lithium metal electrodes 
(L3MEs). We successfully tested L3MEs in lab-scale lithium metal aprotic 
batteries containing a 1 M LiPF6 liquid solution in a mixture of ethylene 
carbonate and dimethyl carbonate (EC:DMC, 1:1 by volume) electrolyte. 
Our approach leverages the synergistic formation of extensive regular 
meso-ripples on the SS surface combined with the deposition of a uni
form coating made from poly-ethylene oxide (PEO) polymeric film. This 
combination promotes facile electrochemical nucleation of lithium, 
buffers volume changes during cycling in batteries, and effectively 
mitigates dendrite formation thanks to fine-tuning of the electrokinetics. 
Through this strategy, the authors demonstrate a fully reversible 

deposition and stripping of lithium metal on L3MEs (Qrev = 0.25 
mAhcm− 2) at 0.25 mAcm− 2 o ver hundreds of cycles without capacity 
loss, thereby achieving nearly 100 % CE at room temperature in a 
standard liquid electrolyte.

The primary distinction between the L3ME electrodes and state-of- 
the-art anodeless negative electrodes for lithium metal batteries lies in 
the synergistic combination of laser patterning and pre-deposition of an 
aSEI going beyond the standard approaches summarized above. As a 
consequence the L3ME electrodes demonstrate a significantly larger 
exchange current density (J0), which is approximately three times 
higher than that of traditional copper electrodes. This enhancement 
suggests a more efficient lithium electrochemical reduction and oxida
tion process, marking a substantial advancement over existing tech
nologies. Moreover, the LIPSS technique boasts a minimal 
environmental impact and scalability, making it a more sustainable 
option compared to traditional fabrication methods. Thus, the integra
tion of L3ME electrodes not only improves performance but also con
tributes to the development of environmentally conscious energy 
storage solutions.

Materials and methods

Materials and preparation routes

AISI 316 stainless steel (SS, MTI Corp), copper (Cu, MTI Corp) as well 
as carbon-coated copper (C@Cu, MTI Corp) foils have been used in disks 
of 10 mm in diameters. The preparation of the L3MEs samples implies 
two subsequent steps of surface modification starting from a SS foil: (a) 
LIPSS pattering (LIPSS@SS sample) and (b) aSEI coating (SS@E and 
L3ME samples).

LIPSS pattering has been obtained by a, Spectra Physics Spitfire 
Amplifier linearly polarized Ti:Sapphire femtosecond laser (τ = 120 fs; λ 
= 800 nm, ν = 1 kHz) focused on the SS foil. The SS foil has been 
positioned onto a motorized sample translation stage to induce a ho
mogeneous patterning of round areas with controlled dimensions 
(LIPSS@SS). A variety of LIPSS patterning conditions can be finely tunes 
to obtain specific nano-morphologies drawn over the target surface. The 
conditions identified for the LIPSS@SS manufacture are: scanning speed 
and interline distance of 1500 μm/s and 20 μm, respectively, accumu
lation of 86 effective laser pulses, fluence 0.5 J/cm2 The LIPSS has been 
induced in air and successively sonicated in ethanol for 15 min for 
removing superficial deposited debris and, afterwards, the pattered 
areas have been cut in round disks that, after vacuum drying at 120 ◦C, 
have been transferred into the glove box.

The deposition of an aSEI film is realized into the glove box by drop 
casting on the round LIPSS@SS samples a precursor solution constituted 
by polyethylene oxide (PEO, Solvay) with mean molecular weight 150 
kD and LiNO3 (Sigma Aldrich) dissolved in acetonitrile (Sigma Aldrich). 
This last solvent is gently evaporated at room temperature in the glove 
box (Iteco Eng SGS30, ppmH2O<0.1) followed by mild vacuum to pre
serve the morphological integrity of the film and avoid any moisture 
contamination. Other aSEI compositions have been preliminary 
screened (see the SI, application note 2 for mor details) by using 
acetonitrile (Sigma Aldrich), tetrahydrofuran (Sigma Aldrich), poly
ethylene oxide with different mean molecular weight in Dalton (MTI 
Corp. and Solvay), carboxymethyl cellulose (MTI Corp), polyvinyl 
difluoride (MTI Corp), lithium bis(trifluoromethyl sulphonyl) imide 
(Solvionic), lithium hexafluorophosphate (Sigma Aldrich) and 
Li6.4La3Zr1.4Ta0.6O12 (MTI Corp).

Cell assembly, electrochemical tests and post mortem sample preparation

SS, SS@E, LIPSS@SS, Cu, C@Cu and L3ME samples have been tested 
as positive electrodes in lithium metal cells using Celgard (El Cell) or 
Whatman separators, a 1 M solution of lithium hexafluorophosphate 
dissolved in a 1:1 vol mixture of ethylene carbonate (EC) dimethyl 
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carbonate (DMC) electrolyte (Solvionic) and a lithium metal counter 
electrode (Chemetall Gmbh). El-Cell Std cells have been used for the 
electrochemical tests to allow a facile cell de-assembly to collect post- 
mortem samples. Capacities and currents have been all normalized by 
the geometrical electrode surfaces (0.785 cm2). Galvanostatic cycling 
have been performed using a MTI battery test apparatus: cells have been 
kept at constant temperature (30◦C) using a static oven (Memmert). 
Coulombic efficiencies (CE) have been calculated as the ratio between 
the discharge (plating) and the charge (stripping) capacities at a given 
cycle number. Chronopotentiometric tests have been performed by 
using an Ivium Vertex potentiostat/galvanostat/EIS apparatus as well as 
impedance spectroscopy tests (EIS, 10 kHz,-0.1 Hz, ΔV=10 mV). Sam
ples have been collected post mortem for further characterization by de- 
assembling the electrochemical cells. Post mortem materials have been 
washed in DMC and THF to remove traces of the lithium salts, solvents 
have been removed by gentle dynamic vacuum at room temperature: the 
final dry samples have been stored in an Ar-filled glove box before 
further characterization.

Electro-kinetics parameters analysis by the Butler-Volmer equation 
for monoelectronic reactions. Electro-kinetic parameters have been 
evaluated using the well-known Butler Volmer equation: 

J = Jo •

⎧
⎨

⎩
e

βFη
RT − e−

(1− β)Fη
RT

⎫
⎬

⎭
(1) 

where J is the experimental current density (mA cm− 2), J0 is the ex
change current density (mA cm− 2), β is the anodic charge transfer co
efficient, F is the Faraday constant, R is the Gas constant, T is the 
temperature and η is the kinetic overvoltage. Galvanostatic plating/ 
stripping pre-conditioning cycles (five) at 0.25 mAcm− 2 (cutoff areal 
discharge 0.25 mAhcm− 2) have been carried out to stabilize the elec
trode surfaces. Galvanostatic tests have been performed at various cur
rent densities during plating/stripping to record the experimental 
overpotentials for each electrode material. Experimental overpotentials 
versus current densities datasets have been analyzed by a home-made 
non-linear fitting algorithm (available at the corresponding author).

Materials characterization techniques

XPS spectra have been recorded by a Phoibos 100-MCD5 (SPECS 
GmBH, Berlin, Germany) spectrometer, using non-monochromatized 
AlK radiation (1486.6 eV) operating at 10 kV and 10 mA. Wide and 
detailed spectra were collected in Fixed Analyzer Transmission (FAT) 
mode with a pass energy of 50 eV and channel widths of 1.0 and 0.1 eV, 
respectively. XPS samples have been transferred into the spectrometer 
through an argon-filled glove-bag directly connected to the fast entry 
lock chamber of the instrument without contact with air, to avoid 
possible moisture/CO2 contaminations. The experimental spectra have 
been theoretically reconstructed by the means of "Googly" program[69], 
that allows to fit each peak with a Voigt function taking into account 
both intrinsic and extrinsic contribution and the associated background. 
The Gaussian-to-Lorentzian ratio varied between 0.7 and 0.9. XPS 
atomic ratios between relevant core lines have been estimated from 
experimentally determined area ratios corrected for the corresponding 
Scofield cross sections [28] and for a square root dependence of the 
photoelectrons kinetic energies. No sign of sample degradation upon 
extended acquisition times under the X-rays has been observed. Scan
ning electron micrographs have been recorded by using a field emission 
scanning electron microscope (FESEM) at the CNIS research centre 
(ZEISS Auriga) equipped with an energy dispersive X-ray probe (EDX) 
for the elemental analysis of samples. SEM micrographs have been 
analyzed by the ImageJ software[70]. FTIR spectra have been obtained 
by an ATR (germanium crystal) FTIR Bruker alpha apparatus: samples 
have been analyzed in an Ar-filled glove box to preserve their integrity 
and avoid hydrolysis.

Results and discussion

The preparation of the L3ME samples involves two successive steps of 
surface modification, beginning with a stainless steel (SS) foil, as shown 
schematically in Fig. 1.

The LIPSS patterning, i.e. the formation of periodic surface struc
tures, is induced by a linearly polarized Ti:Sapphire femtosecond laser 
(pulse length τ = 120 fs; wavelength λ = 800 nm, repetition rate ν =
1 kHz) focused on the stainless-steel (SS) foil by a 4X magnifying optics 
and numeric aperture of 0.10. The SS foil is positioned on a motorized 
sample translation stage to induce homogeneous patterning of round 
disks with controlled dimensions (LIPSS@SS). A variety of LIPSS 
patterning conditions can be finely tuned to obtain specific nano- 
morphologies inscribed on the target surface[71]. A survey of the 
impact of laser irradiation conditions on the final meso-structure is 
presented in the supplementary information (SI) application note 1. The 
conditions identified for the manufacture of the electrode materials are 
the scanning speed and an interline distance of 1550 μm s− 1 and 30 μm, 
respectively, with a laser pulse duration of 180 fs and a laser power of 
135 mW. The LIPSS is induced in air and afterwards the pattered areas 
are cut in round disks that, after washing in ethanol and vacuum drying 
at 120 ◦C, are transferred into the glove box. The LIPSS procedure has a 
very limited environmental footprint, as it does not involve the use of 
solvents or other chemicals. It is easily scalable to large areas and is 
characterized by very high definition, which is also useful for developing 
optical meta-surfaces [72–74].

The deposition of an aSEI film is performed within a glove box by 
drop casting from a precursor solution (a-SEI9@Li; see the SI application 
note 2) onto the round LIPSS@SS samples. This precursor solution 
consists of polyethylene oxide (PEO) with a mean molecular weight of 
150 kD and LiNO3 dissolved in acetonitrile. The acetonitrile solvent is 
gently evaporated at room temperature in the glove box, followed by 
mild vacuum treatment to preserve the morphological integrity of the 
film and prevent any moisture contamination. To improve the sustain
ability of this procedure, the use of acetonitrile is minimized, ultimately 
utilizing less than 100 microliters per square centimeter of L3ME. The 
composition of the aSEI has been preliminarily optimized by screening 
the performance of various aSEIs in Li/Li symmetric cells. A summary of 
this analysis is presented in the supplementary information (SI), appli
cation note 2.

LIPSS is an established technique that promotes controlled ablation 
and patterning of materials, including both metals and semiconductors, 
by exploiting focused pulsed laser irradiation [71–74]. If the used laser 
pulses have ultrashort duration in the femtosecond range, all the ther
mal effects are minimized as well as post-melting and undesired fracture 
propagations outside the treated material zone. Consequently, the 
resulting LIPSS has a far higher resolution and reproducibility than the 
case of using longer pulse lasers. The alterations of the surface 
morphology induced by LIPSS on the SS samples (i.e. LIPSS@SS) and the 
following changes induced by the aSEI coating (i.e. L3ME) are high
lighted in the scanning electron micrographs (SEM) shown in the 
Fig. 1b-c-d. As expected, the laser treatment strongly alters the smooth 
surface of the SS pristine foil, forming elongated micrometer-long rip
ples with lateral size in the 150–250 nm range.

The coating with the aSEI reinstates a smooth surface over the rip
ples, thanks to the homogeneous distribution of the film constituents, as 
highlighted in the energy-dispersive X-ray spectroscopy (EDX) analysis. 
Atomic distribution maps for carbon, oxygen, and nitrogen are pre
sented in the supplementary information (Figure S7, SI).

The analysis of the surface composition by x-ray photoemission (XP) 
spectroscopy confirms that the aSEI deposited on the L3ME sample ho
mogeneously fills the ripples and covers the underlying SS surface, being 
missing the Fe 2p signal (see the Fig. 2a, on passing we note that, as 
expected, the presence of the N 1S signal is observed only on the L3ME 
sample, for more technical details kindly refer to below the experimental 
section).
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The XP spectral theoretical reconstructions of the C 1 s, O 1 s, N 1 s 
and Li 1 s regions confirm that the aSEI on the L3ME surface is consti
tuted by PEO, LiNO3 and traces of nitrites and CH3CN (Fig. 2b-c-d and 
figure S8 in the SI). Similar theoretical reconstructions of the XP spectra 
performed on the C 1 s, O 1 s and Fe 2p regions of the uncoated SS and 
LIPSS@SS samples suggest that the LIPSS process partially oxidize the SS 
surface (see table S3, SI), leading to the accumulation of Fe2O3 and 
oxidized carbon species over metallic iron.

To shed more light on the morphological properties of the anodeless 
electrodes holes have been manufactured on the LIPSS and L3ME sub
strates by a focused ion beam (FIB) in the SEM apparatus to partially dig 
into the ripples and remove the aSEI, respectively. SEM micrographs of 
the tiled surfaces of the LIPSS and L3ME substrates are shown in the 
Fig. 2e-f: apparently the ripples on the LIPSS substrate shown heights of 
approximately 200–400 nm whereas the aSEI is 4–6 micrometers thick.

Overall, the L3ME materials are stainless steel (SS) thin foils with a 
mesostructured surface patterned by a regular distribution of ripples 
composed of Fe and Fe2O3. This regular surface pattern is situated 
beneath a uniform and smooth PEO-LiNO3 composite film.

Once assembled in lithium metal half cells the L3ME samples can 
reversibly exchange 0.25 mAh cm− 2 areal capacity at a current density 
of J = 0.25 mAcm− 2 for hundreds of cycles (see Fig. 3a-b-c-d) at room 
temperature, outperforming bare copper electrodes in terms of plating/ 

stripping reversibility with comparable overpotentials.
In fact, excluding the first lithium plating/stripping cycle where an 

overpotentials of 0.1 V is observed together with a coulombic efficiency 
below 50 %, L3ME can reversibly accommodate lithium deposition and 
stripping with small overpotentials in line with the copper disks (charge 
overpotentials on L3ME: 40–60 mV at cycle 1, 55–65 mV at cycle 10, 
60–70 mV at cycle 100).

Generally speaking, bare lithium-less, or anode-less, metal electrodes 
are unable to assist reversible electrochemical lithium plating/stripping 
cycles in liquid electrolytes[75]. We confirmed experimentally the un
satisfactory performance of other lithium-less materials (i.e. Cu, SS or 
carbon coated copper, Cu@C) adopting the same galvanostatic condi
tion successfully demonstrated for the L3ME sample. The comparison of 
the CEs measured at room temperature using the same liquid electrolyte 
and adopting a current density of 0.25 mAcm− 2 and a limiting areal 
capacity of 0.25 mAhcm− 2 are shown in the Fig. 3d for L3ME vs. Cu, and 
in the figure S9 (SI) for SS and Cu@C electrodes. With the exception of 
the L3ME electrodes, the CEs of all metal electrodes are far from 100 % 
and are very scattered: this performance wastes charge and leads to the 
accumulation of dead lithium over the surface of the anode-less metal 
electrodes. The decoupling of the impact of LIPSS patterning and aSEI on 
the performance is discussed in the last section of this manuscript.

The poor and scattered reversibility of lithium plating and stripping 

Fig. 1. Visual cartoon of the L3MEs sample preparation including (a) the LIPSS processing of the stainless-steel foil and the subsequent aSEI formation by drop casting 
in the glove box. (b-c-d) Scanning electron micrographs of the SS, LIPSS@SS and L3ME samples at the same magnification (50k x).
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Fig. 2. (a) XP spectra of the SS, LIPSS@SS and L3ME samples showing the deposition uniformity and composition of the aSEI, (b-c-d) detailed XP spectra and 
theoretical reconstructions for the O, N and C 1 s regions on the L3ME electrodes; (e) SEM micrography of the tilted view of the LIPSS SS substrate; a micro-hole has 
been manufactured onto the LIPSS surface by using a focus ion beam (FIB) to allow an estimate of the ripples heights (i.e. 200–400 nm); (f) SEM micrography of the 
tilted view of the L3ME electrode; a micro-hole has been manufactured to remove partially the aSEI by FIB, in order to evaluate of the aSEI thickness (i.e. 5–7 μm);.

Fig. 3. Comparison of the working electrode (WE) potential profiles in discharge (lithium plating)-charge (lithium stripping) cycles at room temperature with a 
liquid electrolyte (EC.DMC 1:1 in volume, 1 M LiPF6) using a J = 0.25 mAcm− 2 and a limiting areal capacity of 0.25 mAhcm− 2 and a Celgard separator. Charge- 
discharge cutoffs are set fixing a limiting areal capacity of 0.25 mAhcm− 2 per step. (a) cycle 1; (b) cycle 10; (c) cycle 150; (d) Comparison of the measured 
coulombic efficiencies for Cu and L3ME electrodes in lithium cells.
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is not surprising on anode-less substrates using additive-free, unopti
mized liquid electrolytes, as inhomogeneous lithium nucleation, growth, 
and dissolution lead to the formation of dendrites and dead lithium
[75–77]. The inevitable consequence is the poor CE, largely below unity. 
In this respect the ability of L3ME to support the reversibly plati
ng/stripping of lithium at room temperature using a liquid electrolyte is 
outstanding.

It is important to underline that the charge potential changes 
observed or the optimized L3ME electrodes after 100 cycles can be 
attributed to several interrelated factors. First, the formation and sta
bility of the aSEI play a critical role in modulating electrochemical 
performance. As cycling progresses, the aSEI likely evolves, leading to 
modifications in its ionic conductivity and stability, which in turn affects 
lithium ion dynamics at the electrode surface. One may speculate that 
this dynamic evolution can result in a gradual increase in charge po
tential due to rising interfacial resistances and non-ideal lithium plating 
and stripping behavior. Another contributing factor to the potential 
changes is the electrochemical reaction kinetics associated with lithium 
metal at the electrode interface. The initial cycles benefit from low in
ternal resistance due to favorable electrocrystallization pathways, but as 
cycling continues, reaction dynamics can shift, leading to higher over
potentials and, consequently, noticeable charge potential increases after 
100 cycles.

In order to extend the performance validation of the L3ME electrode 
concept, additional galvanostatic tests in lithium cells have been per
formed at room temperature at various current densities (i.e. 
0.25–1.25 mA cm− 2 at constant areal capacity of 0.25 mAh cm− 2) and at 
various areal capacity limits (0.5–5 mAh cm− 2 at constant current 
density of 0.25 mA cm− 2). Results are shown in the SI in the figure S10

and confirm the outstanding ability of the L3ME electrodes to sustain 
reversible plating/stripping cycles under a variety of galvanostatic 
conditions.

The extraordinary electrochemical performance of the L3ME elec
trodes reflects on the remarkable resilience of the surface LIPSS meso- 
structure upon cycling. In the Fig. 4 we compare the surface 
morphology by SEM of the L3ME and Cu samples collected post mortem 
from batteries after lithium deposition (Qlim = 0.25 mAhcm− 2 at J =
0.25 mAcm− 2) and after 200 repeated cycles of plating/stripping (Qlim =

0.25 mAhcm− 2, J = 0.25 mAcm− 2.
Lithium deposits nucleate on L3ME and grow following the ripples 

morphology underneath the aSEI. A similar ripples-like morphology is 
also observed after 200 cycles of repeated stripping/deposition: appar
ently elongated meso-structures reminiscent of the original ripples can 
be observed throughout the entire surface, whereas small dendrites are 
almost absent. This is additional evidence of the strong impact of the 
surface patterning on the lithium nucleation/growth/dissolution 
electro-kinetics. Conversely the naturally rough Cu surfaces promote the 
growth of dendrites[7], easily observed after lithium deposition in 
Fig. 4e, and the accumulation of dead-lithium and byproducts upon 
cycling (see Fig. 4f).

We need to underline that the evidence of residual LIPSS meso- 
morphologies over the L3ME electrodes collected after cycling likely 
suggests the strong alteration/removal of the SEI. This evidence origi
nates from two competitive effects that cannot be easily decoupled: (a) 
the unavoidable swelling of PEO during the postmortem washing pro
cedure and (b) the consolidation of the SEI layer promoted by the 
reactive interplay between aSEI components and the byproducts of the 
electrochemical degradation of the liquid electrolyte. Experimentally it 

Fig. 4. Scanning electron micrographs of the L3ME and Cu electrodes: (a,d) pristine; (b,e) collected post mortem from a lithium cell after plating (Qlim = 0.25 
mAhcm− 2 at J = 0.25 mAcm− 2); (c,f) collected post mortem from a lithium cell after 200 cycles of plating/stripping (Qlim = 0.25 mAhcm− 2, J = 0.25 mAcm− 2).

A. Santagata et al.                                                                                                                                                                                                                              Future Batteries 7 (2025) 100095 

6 



is possible to demonstrate that the impedance of the electrolyte/elec
trode interface at the L3ME undergoes to relevant alterations during the 
first plating/stripping cycle, as demonstrated by impedance spectros
copy (EIS) in the SI (see figure S11 where the comparison of the evo
lution of the impedance spectra upon lithium plating/stripping on Cu 
and L3ME is shown). In fact, the impedance of the inner layer on the 
L3ME electrode change and stabilize upon plating/stripping likely 
inducing a consolidation of the SEI film[78]. This evidence closely 
matches the experimental evidence obtained by ex situ FTIR (Fig. 5) on 
the L3ME electrodes, despite the unavoidably possible artifacts intro
duced by the postmortem washing procedure. A more detailed discus
sion of the EIS data is discussed in the SI.

The a-SEI over the L3ME electrodes has a sharp composition (PEO 
and LiNO3) like that observed by XPS (see Fig. 2). After cycling L3ME 
electrodes show bands in the N-O and C-O stretching regions likely 
assigned to the remaining aSEI as well as the vibrational fingerprints of 
Li2CO3 and Li2O are observed. This spectroscopic evidence couples and 
extends the SEM evidence shown in the Fig. 4, where the resilience of the 
LIPSS morphology after cycling has been proved. Overall, FTIR and SEM 
prove the resilience of both ripples’ morphology and aSEI composition.

On passing one may report that the SEI layer deposited over copper is 
highly amorphous and dominated by a strong band at 400–700 cm− 1, 
likely due to lithium oxides, and broad bands in the polyether C-O 
stretching regions. This SEI composition however promotes the growth 
of lithium dendrites as clearly demonstrated in the Fig. 4e.-f and by EIS 
is the figure S11a in the SI.

The strong promotion of the electrochemical deposition/dissolution 
of lithium and its reversibility on L3ME compared to standard Cu elec
trodes inevitably originates from the different electrode kinetics induced 
by the simultaneous effect of LIPSS mesostructures and aSEI. The anal
ysis of the overvoltages at various current densities and the corre
sponding Butler-Volmer parameters are shown in the Fig. 6 (see the 
methodological section for the technical details of the experiment and 
the data analysis).

A summary of the Butler-Volmer fit parameters estimated for SS, Cu, 
Cu@C and L3ME electrodes is reported in the SI table S4. Quantitatively 
electro-kinetic parameters are in line with the literature benchmarks 
measured on rotating disk electrodes and similar carbonate-based liquid 
electrolytes [79].

The exchange current (J0) is three times larger for the L3ME elec
trodes compared to the copper: this is direct evidence of a faster elec
trochemical reduction/oxidation of Li on L3ME compared to Cu, as well 
as SS. Apparently only the very large surface area provided by the Cu@C 
electrode allows to outperform L3ME in terms of exchange current 
density (See SI table S4).

On the other hand, the anodic charge transfer coefficient (β) esti
mated on L3ME is 0.392 ± 0.097, thus suggesting a hindered electro
chemical lithium dissolution kinetics. All the other substrates, i.e. Cu, SS 

and C@Cu, shows a β value above 0.5, that implies an easier lithium 
dissolution and an hindered lithium deposition. This difference in the 
electro-kinetics is remarkable as it parallels the very different revers
ibility upon repeated lithium deposition/dissolution cycles. Apparently, 
the combination of LIPSS patterning and aSEI coating boosts the 
plating/stripping reversibility through the hindering of lithium 
dissolution.

One may speculate that a slower stripping, compared to plating, 
limits the selective dissolution of lithium from the base of dendrites, 
whereas an easier deposition, compared to dissolution, promotes the 
nucleation of a larger number of lithium seeds, thus limiting the growth 
of big dendrites. Overall, the combination of LIPSS and aSEI allows to 
enhance the electro-kinetics by facilitating the lithium deposition at a 
larger extent than the dissolution.

To highlight the synergistic cooperation of LIPSS and aSEI, we tested 
uncoated LIPSS@SS and bare SS disks coated with the aSEI (namely 
SS@E coated with a-SEI9@Li, see the SI application note 2). Here our 
aim is to decouple the individual effect of LIPSS and aSEI in galvano
static tests to evaluate the lithium plating/stripping reversibility and to 
derive the electro-kinetic parameters. The comparison of the CEs 
measured at room temperature are shown in the SI figure S12 (SI) for 
SS@E and LIPSS@SS electrodes whereas Butler-Volmer fit parameters 
estimated for the same electrodes are reported in the SI table S5.

The CEs of both LIPSS@SS and SS@E electrodes outperform the SS 
bare disks achieving very good reversibility with few cycles with 
CE< 100 %. As expected, both materials underperform the outstanding 
performance of L3ME. It is to be noted that upon cycling both SS@E and 
LIPSS@SS performance deteriorates with a decrease of CE and an in
crease of scattering performance. These features are electrochemical 
evidence of the accumulation of dead lithium over the surface of SS, 
SS@E and LIPSS@SS electrodes, whereas L3ME ones strongly limits this 
drawback (see above and in particular the Fig. 4). Direct experimental 
evidence of the accumulation of degradation by-products and dead 
lithium is shown in the SI, figure S13, for SS, SS@E and LIPSS@SS 
postmortem electrodes after cycling.

Turning to the electro-kinetics derived from the Butler-Volmer 
fitting, both SS@E and LIPSS@SS materials shows 2- and 3.5-times 
larger exchange currents compared to the bare SS and the β values are 
in both cases smaller than 0.5. In this view, LIPSS patterning and aSEI 
coatings improves independently the kinetics of stripping/deposition, 
particularly in favor of the electrochemical nucleation/growth of 
lithium metal. It is a matter of fact that LIPSS and aSEI combination 
reinforces their individual beneficial effects on the stripping/deposition 
electrochemical process, being the exchange current of the L3ME elec
trode 7 times larger compared to the bare SS. It is interesting to note that 
the L3ME β value (i.e. 0.392 ± 0.097) closely matches that measured for 
LIPSS@SS electrodes (i.e. 0.415 ± 0.126), thus suggesting a specific role 
of the LIPSS-modified surface to hamper the electrochemical dissolution 

Fig. 5. FTIR spectra of the (a) Cu and (b) L3ME electrodes collected post mortem from a lithium cell after 200 cycles of plating/stripping (Qlim = 0.25 mAhcm− 2 at J =
0.25 mAcm− 2).
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of lithium.
The formation of Laser-Induced Periodic Surface Structures (LIPSS) 

is governed by several factors related to laser parameters and the ma
terial properties of the substrate. Specifically, the characteristics of laser 
irradiation, such as pulse duration, scanning speed, and interline dis
tance, significantly influence the resulting surface morphology. Studies 
indicate that these conditions must be finely tuned to achieve distinct 
nano-architectures on the target surface. Having demonstrated that the 
ability of L3ME electrodes to deliver highly reversible lithium metal 
plating and stripping and discussed the origin of this behavior, as a final 
point it is interesting to analyze the impact of the LIPSS manufacture 
morphology on the electrochemical performance in lithium cells. In the 
application note 5 of the SI, we discuss the analysis of the morphology of 
different LIPSS substrates by using numerical image analysis algorithms 
able to discriminate the regularity (periodicity, variability, and line
arity) of the LIPSS patterns. Three different substrates, namely 
LIPSS@SS, LIPSS@SS’ and LIPSS@SS’’ have been manufactured by 
applying different manufacturing conditions: these materials show 
qualitatively a trend in the ripples’ regularity distribution 
LIPSS@SS>LIPSS@SS’>LIPSS@SS’’ (see figures S14, S15 and tables S6, 
S7 in the SI). The performance in lithium cell of the three L3ME com
posite electrodes, manufactured starting from the three different LIPSS 
substrates each coated with the same aSEI, demonstrates that only 
LIPSS@SS one is able to sustain a reversible Li plating/stripping in a 
variety of galvanostatic conditions, whereas both others fails to different 
extent (see the figure S16 in the SI). Thus, the reversibility of the 
plating/stripping deposition of lithium onto these L3ME electrodes is 
remarkably driven by the regularity (periodicity, variability and line
arity) of the underneath morphology of the LIPSS substrate. Further 
studies are necessary to elucidate in detail the interplay between LIPSS 
manufacturing and performance, but this scope is beyond the goal of this 
work that proved for the first time in the literature the idea of the 
combined and synergistic use of LIPSS and aSEI to promote the revers
ible plating/stripping of lithium in aprotic electrolytes. However some 
general considerations and speculations are appropriate based on the 
results and the state-of-the-art understanding of metallic lithium 
plating/stripping electrochemical reactions.

Overall, the observed effects of various laser-induced periodic 

surface structures (LIPSS) patterning conditions and the compositions of 
artificial Solid Electrolyte Interphase (aSEI) on electrochemical perfor
mance are likely linked to modifications of mass transport behavior, 
electrochemical reaction kinetics, interfacial stability, and Li+ ion 
diffusion. In fact, different LIPSS patterning conditions can influence 
surface morphology, which can significantly affect mass transport 
behavior. Specific surface patterns can enhance the surface area avail
able for lithium nucleation and plating, optimizing the diffusion 
pathway for Li+ ions. Well-defined nano-structures tend to promote 
more homogeneous lithium deposition, thereby reducing the likelihood 
of dendrite formation, which poses a significant challenge for traditional 
lithium battery architectures. The electrochemical reaction kinetics are 
also substantially impacted by LIPSS patterns. Enhanced electrode ki
netics are observed due to higher exchange current density resulting 
from finer surface structures. These patterns can enable more efficient 
electrochemical reactions by minimizing concentration polarization and 
allowing for faster ion transport to the interface. Additionally, electro
chemical kinetics are influenced by the composition and formation of 
the aSEI layer, which can stabilize the interface and provide favorable 
ionic conductivity while preventing unwanted side reactions. The 
improved interfacial stability is another critical factor that affects per
formance and likely contributes to the functional properties of L3ME 
electrodes. The nature of the aSEI formed on LIPSS-patterned surfaces 
can vary significantly based on the surface characteristics and the 
electrolyte employed. A well-optimized aSEI layer enhances interfacial 
stability, facilitating smoother lithium plating and stripping while 
minimizing impedance related to lithium-ion transport. Furthermore, 
tuning electrolyte formulations can enhance passivation layer forma
tion, leading to improved electro-crystallization and dissolution 
behavior.

Conclusion

The combined use of LIPSS and aSEI coating allows a tailored 
modification of the surface of SS thin disks. The modified SS-based foils, 
namely L3ME, are mechanically solid, completely lithium-less and can 
handled in dry air without the need of Ar confinement. This approach 
goes well beyond the standard strategies to manufacture anodeless 

Fig. 6. Comparative analysis of the overpotentials measured at various current densities at room temperature upon plating/stripping lithium to/from Cu disks or 
L3ME electrodes.
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electrodes.
The functional properties of L3ME disks have been demonstrated in 

electrochemical lithium metal cells using Celgard separators soaked 
with a LiPF6 EC:DMC aprotic electrolyte. L3ME electrodes are able to 
host reversible electrochemical metallic lithium deposition/stripping at 
constant current density for hundred of cycles at room temperature. 
Negligible accumulation of dead lithium is observed after cycling, 
whereas the LIPSS mesostructured patterns are preserved. The improved 
performance of L3ME in lithium cells originates from the synergic 
beneficial effects of LIPSS and aSEI coating. Both strategies improve the 
electro-kinetics of the stripping/deposition, in particular in favor of the 
lithium nucleation/growth.

The use of LIPSS to draw regular mesostructured patterns over the 
surface of anode-less metal electrodes is here demonstrated for the first 
time in the literature, as well as its combination with the deposition of a 
tailored artificial solid electrolyte interphase before cell assembly. Both 
strategies can be easily modified to target specific morphologies and 
surface moieties, as an example by changing the aSEI composition 
(polymer binder, inorganic additives and ratio), the metal substrate for 
LIPSS (e.g. SS, copper, aluminum, titanium,….) and the LIPSS conditions 
(laser fluence, incidence direction and wavelength, sample scanning 
speed, interline distance, number of accumulated laser pulses, …). This 
synergic approach has a very limited environmental fingerprint, and it is 
easily scalable, as it barely implies the use of solvents whereas it avoids 
high temperature treatments or expensive chemical products, as well as 
it can be easily exported to industrial conditions, as the treatments are 
performed under ambient conditions.

Overall, this study is the first step in a totally unexplored direction to 
develop a simple, effective and extremely flexible strategy for the 
manufacture of lithium less Li metal electrodes able to reversibly sup
port the deposition/stripping of lithium metal in electrochemical cells. 
Further enhancing battery performance can be approached through 
several promising directions. Tuning the electrolyte formulation is 
critical; optimizing the composition can facilitate effective passivation 
film formation on lithium, subsequently enhancing electrochemical 
stability and efficiency. Focused research into hybrid electrolyte systems 
that combine the benefits of liquid and solid-state technologies also 
presents a valuable avenue for performance improvement. Additionally, 
continuous advancements in patterning techniques to refine the LIPSS 
structures could yield further enhancements in lithium deposition uni
formity and overall electrochemical kinetics.
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