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Anode-less lithium metal batteries (ALLMBs) have been considered promising candidates for future energy
storage applications because of their high energy density and simplified manufacturing. However, issues in
lithium dendrite formation and capacity degradation prevent their practical application. This study introduces a
novel, reagent-free approach for enhancing ALLMBs performance through laser-induced copper oxidation under
ambient conditions to create precisely controlled CuOy surface layers on the copper current collector (CC). The
oxidized surface converts to Li-O in the first charge, forming a stable artificial solid electrolyte interphase (SEI),
that enables uniform lithium deposition with reduced nucleation overpotential.

Electrochemical tests show Cu_LS1000 optimally balances conductivity and oxide for better Coulombic effi-
ciency (CE) and cycling stability. Specifically, the Cu_LS1000 exhibited higher CE in half-cells and higher ca-
pacity retention compared to unprocessed copper. Full-cell testing with lithium iron phosphate (LFP) cathodes
validated improved rate capability at low to moderate current densities. Excessive oxidation (Cu_LS300)
compromised cycling stability due to higher polarization and lithium consumption during initial activation. This
work proves that laser-assisted copper oxidation is a scalable and environmentally friendly technique to address
the critical limitations of ALLMBs. The approach underlines the potential of laser-engineered CCs, enabling safer

and more efficient anode-less battery technologies.

1. Introduction

The growing demand for high-performance energy storage systems
in applications such as electric vehicles (EVs), portable electronics, and
renewable energy integration has driven intense research into next-
generation battery technologies. Among these, lithium metal batteries
(LMBs) have emerged as one of the most interesting and promising
candidates due to their incomparable energy density and lightweight.
Lithium metal anodes offer an exceptionally high theoretical specific
capacity (3860 mAh g 1) and a very low redox potential (—3.04 V vs. the
standard hydrogen electrode), potentially surpassing the capacity of
conventional lithium-ion batteries based on graphite anodes [1-3].
Among them, anode-less lithium metal batteries (ALLMBs) are particu-
larly promising owing to their high energy density and simple fabrica-
tion procedure [4-6]. Indeed, in an anode-less battery, there is only a
current collector as the anode without Li metal in the initial assembly of
the cell, which means that this approach significantly reduces both the
volume and mass of the anode. More in detail, Li* ions are extracted
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from the cathode material, which is the sole source of Li" ions in this
configuration during charging in an ALLMB, and then electrodeposited
as Li metal on the current collector, at the anode side. During discharge,
the Li™ ions are stripped from the anode and intercalate back into the
cathode material [7,8]. In this work, we define ‘anode-less’ as a zero-
excess lithium configuration where the initial cell assembly contains
no metallic lithium on the negative electrode. The copper current col-
lector serves as the substrate for plating, and the cathode material acts as
the sole source of active lithium inventory.

Actually, the development of high-performance ALLMBs faces two
critical challenges in practical applications: safety and efficiency. One of
the most critical issues arises from the tendency of the lithium metal to
deposit unevenly during the repeated charging and discharging cycles
due to the formation of dendrites. These needle-like structures could
pierce the separator and possibly cause internal short circuits, which
could result in a significant risk of fires and other safety hazards [9]. In
addition to dendrite formation, the continued accumulation of inactive
“dead” lithium and electrolyte decomposition during cycling further
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drives performance degradation since these mechanisms result in a
linear loss of capacity [10]. These issues necessitate an optimal depo-
sition environment for lithium, specifically at the current collector (CC)-
electrolyte interface. If managed properly, this interface can form a
stable solid electrolyte interphase (SEI) layer, which is crucial in
reducing capacity loss by preventing further decomposition of the
electrolytes. A stable SEI layer also supports smooth, dendrite-free
lithium plating, which contributes to both the safety and longevity of
the battery system [11,12]. Besides electrolyte modifications, which
have been intensively studied to stabilize lithium deposition [13-16],
another important strategy is optimizing the physical and chemical
properties of the current collector. By optimizing these properties, a
more favorable environment at the electrode/electrolyte interface may
be created, further enhancing lithium deposition and overall cycling
stability of ALLMBs [17-19].

Copper is the most commonly used material for current collectors of
negative electrodes, but its lithiophobic nature leads to high nucleation
potential, which makes uniform lithium deposition difficult. To solve
this, many strategies have been investigated, such as fabricating a 3D
surface structure to lower the local current density and accommodate
the repeated volume changes [20,21] or introducing lithiophilic mate-
rials as nucleation sites to lower the lithium nucleation barrier and
promote even deposition [22]. Examples include lithiophilic seeds such
as metallic fluorides [23], oxides (e.g., ZnO, TiOy) [24,25], selenides
[26], nitrides (e.g. CusN) [27], noble metals (e.g. Au, Ag) [20,28], metal-
organic frameworks [29], metallic alloys [30] and functionalized ma-
terials like N-doped graphene [24]. Among these, copper oxides are
promising candidates thanks to their low production cost by simple
oxidation of the current collector surface. Their ability to increase the
surface lithiophilicity is ascribed to the conversion reaction that happens
during the first charging cycle, that leads to the formation of metallic Cu
and LisO from Cuy0 and CuO, following the reactions:

Cuy0 + 2Li—2Cu + Li,O

CuO + 2Li—Cu + Li,O

LizO exhibits a significantly smaller lattice mismatch with Li.
Therefore, a smaller energy barrier is required to form the Li-O-Li
interface, making it more likely to result in a uniformly covered lithium
metal film [32]. Copper oxide layers have been previously explored
using various methods, including thermal treatments [17,33,34],
chemical etching [35] and plasma treatments [36,37]. In recent years,
laser-based techniques have emerged as a promising approach for
modifying the physical and chemical properties of metallic foil surfaces,
offering notable economic and environmental advantages [38-42].
Despite this growing interest, to the best of the authors' knowledge, no
studies have yet reported the use of laser-based oxidation techniques
specifically applied to Cu current collectors for anode-less Li metal
batteries.

Here, we report a quick, inexpensive, and reagent-less approach to
obtain accurate and controlled oxidation of the Cu foil surface under
ambient conditions, which neither requires heating nor chemical agents.
The method realizes a homogeneous layer of copper oxide (CuOy),
which plays a crucial role in the first charge cycle. The CuOx layer
electrochemically converts into Li;O, forming a stable artificial SEI that
lowers lithium nucleation overpotential, enhancing lithium metal anode
performance. Full cells with LFP cathodes showed significantly
improved cycling stability and electrochemical performance using this
Cu surface treatment. This simple, scalable process holds promise for
advancing next-generation energy storage systems.

2. Material and methods
2.1. Laser oxidation of the copper current collector

Laser texturing was performed using a Nd:YAG 1064 nm laser
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(HyperRapid NX model, Coherent, Germany) with a pulse duration <15
ps. Beam movement and focusing were achieved with a galvanometric
scanning head equipped with a 160 mm focal length f-theta lens. A
parallel line scanning strategy and different scanning speeds (from 300
to 1000 mm/s) were utilized to achieve the desired degree of oxidation
at a selected power of 10 W at a repetition rate of 50 kHz to obtain laser-
modified samples. All the experiments were performed in the air.
Table 1 summarizes the laser parameters used to obtain the samples.

2.2. Characterization of laser-textured current collectors

The surface morphology was observed by means of Scanning Elec-
tron Microscopy (SUPRA ZEISS FE-SEM) coupled with Energy-dispersive
X-ray spectroscopy (EDS).

Diffuse reflectance (DR) UV-Vis-NIR characterization was performed
on the samples.

The spectra were run on a (Uv-Vis, Shimadzu, UV 2600) spectro-
photometer, working in the range of 200-900 nm. The DR UV-Vis
spectra were recorded in air, at room temperature and reported in the
Kubelka-Munk function (F) as shown in eq. (1):

(1-R.)® K

FR-)="3R. ~s

where R, is the reflectance of a hypothetical infinitely thick layer of the
sample. K is the molar absorption coefficient and s is the scattering
coefficient.

The crystallographic properties of the samples were examined
through grazing incidence X-ray diffraction (GI-XRD) with a Panalytical
X'pert Pro (Cu Ka radiation, the wavelength of 1.5406 A). Raman spectra
were recorded using a Senterra spectrometer from Bruker Optics with
OPUS 7.5 software, employing a 532nm excitation laser.

2.3. Cathode preparation and electrochemical characterization

Cathode electrodes were fabricated using the solvent casting
method. A water-based cathodic slurry was created by combining
Lithium Iron Phosphate (LFP, MTI Corporation), Carbon Black C-NERGY
C45 (Imerys Graphite & Carbon Corporation), and Sodium Carboxy-
methylcellulose (Na-CMC, DAICEL) in a weight ratio of 85:10:5,
respectively. To prepare the slurry, Na-CMC was dissolved in deionized
water to form a 5 wt% solution. Once the binder was fully dissolved, the
active material and carbon black were added, and the mixture was ball-
milled for 20 min at 15 Hz. The resulting slurry was then cast onto
aluminum current collectors (battery grade, MTI Corporation) using the
Doctor Blade technique with an automatic film applicator (Sheen 1133
N, speed of 10 mm/s). After the solvent evaporated in the air at 50 °C for
1 h, 1.766 cm? disks were punched out using a Compact Precision Disc
Cutter MSK-T-07 and vacuum dried at 120 °C for 4 h in a Biichi Glass
Oven B-585, before cell assembly. The active material mass loadings
were between 6.4 and 6.6 mg/cm? Cell assembly was performed in an
argon-filled glove box (MBraun Labstar, H-0O and O: content <1 ppm)
with a two-electrode 2032 coin cell configuration. A polymer membrane
(Celgard 2325) served as the separator and was soaked with 100 pL of
electrolyte solution of 1 M LiTFSI in a 1:1 volume ratio of dioxolane

Table 1
Laser process parameters used to obtain the different laser-modified current
collectors.

Sample name Scanning speed mm/s Laser power W Repetition rate kHz

Cu_LS300 300 10 50
Cu_LS500 500 10 50
Cu_LS750 750 10 50
Cu_LS1000 1000 10 50
Cu_LS1000-75 1000 7.5 50
Cu_LS1000_50 1000 5 50
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(DOL) and dimethoxyethane (DME) (Solvionic), along with 0.25 M
LiNOs as an additive. For all the electrochemical tests performed in this
work, the separator, electrolyte, and electrolyte amount were kept
consistent. The electrolyte-to-capacity ratio was approximately 60 pL
mAh ™! for full cell tests. The LFP cathodes were tested electrochemically
using pristine Cu, Cu_LS1000, and Cu_LS300 as counter electrodes in an
anode-less full-cell configuration. The cells are strictly cathode-limited.
The LFP cathode provides the only available lithium, corresponding to a
theoretical N/P ratio of 0 regarding metallic lithium. No pre-lithiation
steps were used. For full cells, formation consisted of three initial cy-
cles at 0.1C to stabilize the interface before rate capability. All electro-
chemical tests were conducted at room temperature. Coin cells were
tested without external stack pressure. The cycling performance of the
cells was evaluated through galvanostatic discharge-charge cycling (GC)
on an Arbin LBT-21084 under various current regimes within the
voltage range of 3 to 4.2 V (1C = 175 mA g~ 1). Cyclic Voltammetry (CV)
was performed using a versatile multichannel potentiostat (VMP-3
Biologic) at a scan rate of 0.05 mV/s. Half-cells were prepared using the
same two-electrodes setup, using pure metallic Li as a counter electrode.
Before the actual plating, cells were activated by three discharge-charge
cycles between 0.01 and 1 V at 0.05 mA cm 2. Electrodes for symmet-
rical cells were prepared depositing 2 mAh cm 2 or 4 mAh cm™2 of Li on
the copper samples. Two identical anodes were used to assemble the
cells. The measurements were performed at 1 mA cm 2 with the ca-
pacity of 1 mAh cm™2. The cycling performance of three-electrode cells
was assessed using a PATCell (EL Cell) and a versatile multichannel
potentiostat (VMP-3 Biologic), with a lithium ring as the reference
electrode. This three-electrode setup enabled control and separation of
the voltage profiles for both the anode and cathode throughout the
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charge and discharge cycles.
3. Results and discussion
3.1. Chemical and physical characterization

The surface morphology and composition of the laser-processed and
pristine copper samples were observed by means of SEM coupled with
EDS analysis. Table S1 and Fig. S1 in the Supporting Information report
the EDS and DR-UV-Vis results for the modified samples with different
laser scanning speeds and different laser powers that were initially
investigated. As can be seen, only a slight increase in oxygen amount is
observed when the laser scanning speed decreased from 750, 500 to 300
mm/s. The same effect can be achieved by increasing the laser power.
Therefore, two scanning speeds leading to significant differences in the
surface chemical composition—1000 mm/s and 300 mm/s—were
selected to produce Cu_LS1000 and Cu_LS300, respectively. As can be
observed in Fig. l1a-b, the pure Cu sample exhibits a smooth surface,
whereas the Cu_LS1000 (Fig. 1c-d) and Cu_LS300 (Fig. 1e—f) samples
exhibit an increasing quantity of spherical particles of oxide on the
surface. Higher magnification images indicate that these bigger particles
are actually composed of smaller, agglomerated particles (Fig. 1d, f).

Compositional information was obtained through Energy Dispersive
Spectroscopy (EDS). Table 2 summarizes the results of the analysis
performed on all three samples. The gradual increase in oxygen content
observed from pure Cu to the Cu_LS300 sample indicates that reducing
the laser beam scanning speed over the copper surface enhances the
sample overall oxidation. This effect results from a greater overlap be-
tween successive laser pulses, leading to a higher fluence deposited on

Fig. 1. SEM micrographs of the Cu CC at magnifications of a) 5 kX and b) 50 kX, Cu_LS1000 at a magnification of c¢) 5kX and d) 50 kX, Cu_LS300 at magnifications of

e) 5 kX and f) 50 kX.
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Table 2
Results of EDS analyses performed on pure Cu and laser oxidized copper foils.
Element Cu Cu_LS1000 Cu_LS300
% % %
Copper 98.36 89.58 80.38
Oxygen 1.64 10.42 19.62

the surface. Finely tuning the laser process parameters can therefore
allow for precise control of the surface chemistry of the sample.

Diffuse Reflectance UV-Vis (DR-UV-Vis) spectroscopy was
employed to investigate the surface oxidation states of the Cu samples
following laser processing. The results, shown in Fig. 2a, reveal distinct
differences in the absorption characteristics of the samples. For the
unprocessed, pure Cu foil, no significant absorption bands were detected
across the range of 200-900 nm, indicating minimal or no oxidation.

In contrast, the Cu LS1000 and Cu_LS300 samples exhibited a
prominent absorption edge around 550-600 nm. This feature can be
attributed to the semiconducting properties of Cu20, which has a re-
ported bandgap of approximately 2.3 eV, corresponding to the observed
spectral range. The presence of this absorption edge suggests the for-
mation of Cu20 on the surface of these laser-processed samples, indi-
cating partial oxidation to the Cu(l) state.

Additionally, a less intense but notable absorption is observed be-
tween 700 and 900 nm, particularly pronounced in the Cu_LS300 sam-
ple. This band is associated with the formation of CuO, a Cu(Il) oxide,
which absorbs in this region due to its narrower bandgap. The greater
intensity of this band in Cu_LS300 suggests that this sample underwent
further oxidation, resulting in a higher quantity of CuO on its surface.
This additional CuO formed through the progressive oxidation of Cu-0,
where Cu(I) was oxidized to Cu(Il) under the conditions induced by laser
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processing.

Overall, these results indicate that Cu_LS300 had a higher degree of
oxidation compared to Cu_LS1000, with a more substantial formation of
CuO. This demonstrates that careful tuning of laser processing param-
eters enables control over the oxidation states of the copper atoms,
allowing precise tailoring of surface composition to achieve desired
properties.

The possibility of carefully controlling the surface chemistry by the
laser process is further supported by the Raman analysis results, re-
ported in Fig. 2b, which show no detectable peaks in the 200-1000 cm ™!
range for the pure Cu sample, indicating the absence of Cu oxides. In
contrast, the laser-processed samples, Cu_LS1000 and Cu_LS300,
exhibited distinct Raman peaks, with four prominent bands appearing at
210 cm_l, 410 cm_l, 530 cm_l, and 630 cm_l, which correspond to
Cu20 vibrational modes [43,44].

Additionally, a peak at 290 cm ! is evident, whose intensity in-
creases from the Cu_LS1000 to the Cu_ LS300 sample. This band is
attributed to the Ag vibrational mode of CuO, suggesting an increased
presence of cupric oxide (CuO) at lower laser scanning speeds. This
trend further supports the formation of a Cu20/CuO mixture on the
laser-processed surfaces, with the ratio of Cu(Il) to Cu(I) species
increasing as the scanning speed decreases.

Furthermore, the high intensity of the 630 cm™! band may also result
from the overlap of By symmetry modes from both CuO and Cuz0, as
these modes fall within the same spectral range. Altogether, these
findings indicate that the Cu(II)/Cu(l) ratio can be modified and
controlled effectively by adjusting the laser scanning speed during
processing.

Raman spectroscopy thus confirms that the laser oxidation process
produces a mixed Cu20-CuO layer whose relative phase content de-
pends sensitively on the scanning speed. To quantify this effect, we

a) b)
¢ Cu_LS300
£ ——Cu_LS1000
g 2 Cu 'y
£ 20 g \ 3 & Gio
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Fig. 2. a) DR-UV-Vis spectra of the Cu, Cu_LS1000 and Cu_LS300 in the 200-900 nm range. b) Raman spectra of the Cu, Cu_LS1000 and Cu_LS300 samples in the
range 200-1000 cm~ L. ¢) XRD pattern of the Cu, Cu_LS1000 and Cu_LS300 samples. d) Zoom in the range 30°~70° and change in the Cu20 diffraction peaks for the

three samples.
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extracted the area ratio Acuo/Acu,0 from the 290 cm ! and 215 cm ™!
Raman bands, respectively, obtaining values of 0.27 for Cu_LS1000 and
0.58 for Cu_LS300. This semi-quantitative Cu(II)/Cu(l) indicator dem-
onstrates that lower scanning speeds generate a more CuO-rich surface.
Since the Cu oxidation state determines the amount of Li-O formed
during the initial conversion reaction, these compositional differences
are expected to play a decisive role in the subsequent electrochemical
behaviour. A more comprehensive discussion of how this tunable Cu(II)/
Cu(D) ratio impacts the electrochemical properties of the electrodes is
presented in Section 3.2.

The crystalline structures of the pristine copper and laser-oxidized
samples, analyzed by grazing incidence X-ray diffraction (GI-XRD), are
shown in Fig. 2c-d. The diffraction patterns for the pristine copper
display prominent peaks at 20 angles of 43.31°, 50.61°, and 74.31°,
which correspond to reflections from the (111), (200), and (220) planes
of face-centered cubic (fcc) Cu.

In the laser-treated Cu_LS300 sample, additional diffraction peaks
appear at 20 = 36.51° and 20 = 61.5°, which are assigned to the (111)
and (311) planes of Cu20 (JCPDS-00-005-0667), indicating the forma-
tion of cuprous oxide on the surface during laser processing. The pres-
ence of these Cuz0 peaks confirmed the oxidation effect induced by the
laser treatment, as the copper surface underwent a partial conversion to
cuprous oxide.

Interestingly, no diffraction peaks corresponding to CuO, expected at
20 values of 35.5° and 38.8° for the most intense peaks (JCPDS-01-089-
5899), are observed in the GI-XRD patterns of the laser-treated samples
[45]. This suggests that the CuO likely formed in an amorphous phase
that lacked long-range crystallinity and, therefore, did not produce
distinct diffraction peaks. This amorphous CuO phase might have
formed during the oxidation of the already crystalline CuzO layer, as the
laser oxidation process was still ongoing.

In conclusion, the phase composition of the laser-induced oxide layer
was determined to be a mixture of crystalline CupO and amorphous
cupric oxide CuO through a complementary analysis of GI-XRD, Raman,
and DR-UV-Vis spectroscopy. The presence of crystalline CupO is
unambiguously supported by the observation of distinct diffraction
peaks at 20 = 36.51° and 61.5° corresponding to the (111) and (311)
planes, corroborated by characteristic Raman bands at 210, 410, 530,
and 630 cm ™! and a semiconducting absorption edge at 550-600 nm
consistent with the 2.3 eV bandgap of CuyO. In contrast, CuO was
identified solely through spectroscopic signatures sensitive to local
atomic bonding and electronic structure, specifically the appearance of
the A1q vibrational mode at 290 cm ! in the Raman spectra and a broad
absorption tail between 700 and 900 nm in the UV-Vis spectra. The
complete absence of CuO diffraction peaks (expected at 35.5° and 38.8°)
in the GI-XRD patterns indicates that this secondary phase exists in an
amorphous or highly disordered state, lacking long-range crystallinity,
likely formed through the further oxidation of the crystalline Cuy0.

3.2. Electrochemical characterization

The bare Cu, Cu_LS1000 and Cu_LS300 samples were tested in half-
cell configuration with a metallic lithium counter electrode to assess the
plating/stripping cycling stability and CE. Before the actual plating, cells
were activated by three discharge-charge cycles between 0.01 and 1 V at
0.05 mA cm 2. During the activation process (Fig. 4a), CuO and Cu=0
present on the electrode surface underwent an electrochemical reaction
with lithium, resulting in the transformation into copper and lithium
oxide, as represented by the following reactions:

CUzO + 2Li—»2Cu + L120

CuO + 2Li—»Cu + Li,O

The morphology of the Li;O layer formed on the Cu_LS1000 and
Cu_LS300 samples was observed by SEM after the activation (Fig. S2).
Microstructures smaller than 1 pm were observed for both samples.
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Although no evident differences in morphology were observed between
the two samples, the overall LioO amount on the surface was higher for
the Cu_LS300, as evident from the activation voltage curves.

Notably, the Li-O layer can enhance the lithiophilicity of the sub-
strate surface, reducing the overpotential for subsequent Li plating and
thereby improving the cell Coulombic Efficiency, as the uniformity of
the Li plating during the first charge, which is important for the long-
term stability of the cell [33,34,46].

The plated Li morphology was observed by SEM, after the deposition
of 4 mAh cm ™2 of metallic Li at 0.5 mA cm ™2 current density. The results
are reported in Fig. 3a—c. The pure Cu sample (Fig. 3a) exhibited a less
compact and homogeneous morphology, with some evident voids and
porosities that can facilitate Li dendrites growing during cycling.

SEM micrographs of plated lithium on Cu_LS1000 (Fig. 3b) and
Cu_LS300 (Fig. 3c) reveal a more compact structure compared to pristine
Cu (Fig. 3a), suggesting improved initial Li affinity due to surface
oxidation. However, this advantage is counterbalanced by increased
internal resistance, which results in faster capacity fade during long-
term cycling. Notably, although both oxidized samples (Cu_LS300 and
Cu_LS1000) promote uniform Li nucleation, only Cu_LS1000 achieves a
favorable balance between morphology, conductivity, and irreversible
Li loss.

This is further confirmed by observing Fig. 4b, where the voltage
profiles obtained during the Li plating are reported. The Li nucleation
overpotential, calculated as the difference between the lowest voltage
and the stable voltage plateau, was 34 mV, 20 mV, and 21 mV,
respectively for the Cu sample, Cu_LS1000 and Cu_LS300, confirming
the beneficial properties of the LipO-rich surface. However, the poor
electrical conductivity of the oxide layer induce a higher polarization, as
can be seen by the lower value of the stable voltage plateau reached for
the Cu_LS300 sample (—79 mV) compared to the pure Cu sample (—40
mV). However, Cu_LS1000 sample exhibited the best compromise be-
tween these two effects, with a reduced Li plating overpotential coupled
with a cell polarization comparable to the bare Cu sample. Fig. 4e re-
ports the results of the half-cell cycling tests performed on Cu,
Cu_LS1000 and Cu_LS300 samples. As can be seen, the Cu sample
maintained stable cycling performance for approximately 50 cycles,
after which its CE declined sharply, falling to 60 % by the 60th cycle. A
comparable decline beginning was also seen in Cu_LS300, around the
80th cycle. In contrast, Cu_LS1000 showed a more stable cycling
behaviour, maintaining values over 90 % for more than 100 cycles.

Symmetrical cells with identical electrodes with 2 mAh cm ™2 of pre-
deposited Li were also assembled to further evaluate the cycling stability
of the modified electrodes (Fig. S3). The results further prove the higher
polarization of the Cu_LS300 that leads to lower cycling stability. In
addition, the Cu_LS1000 exhibited a more stable cycling with low
overpotentials for 150 h, compared to the 110 h of the Cu sample. Thus,
this preliminary analysis suggested that increasing the oxide amount
beyond a certain level can reduce the overall cycling stability, further
confirming that the precise control of the surface chemistry, allowed by
the laser-assisted oxidation, is therefore crucial to achieve the desired
electrochemical properties of the electrodes.

Cyclic Voltammetry (CV) in the 0-3 V range was performed for three
cycles at a scan rate of 0.05 mV/s to investigate the conversion reaction
of the electrodes, as reported in Fig. 4c—d. The Cu sample exhibited low
peak intensity in the first cycle and only two broad peaks, related to the
decomposition of LiNOs, the electrolyte additive, between 1 and 1.5 V,
and to the SEI layer formation below 1 V. In contrast, the Cu_LS1000 and
Cu_LS300 samples showed three distinct peaks in the cathodic scan at
approximately 2 V, 1.2 V, and 0.8 V, corresponding to the multi-step
conversion of CuOy to Li2O. Specifically, the peak at 2 V is related to
the partial reduction of CuO to form a solid solution, culy Cu Iol_x/z.
This phase further reduces at 1.2 V to Cu20, followed by the Li=O for-
mation from Cu20 occurring at 0.85 V [47-50]. Differences in peak in-
tensities between Cu_LS300 and Cu_LS1000 reflect and confirm their
compositional differences, as discussed in Section 3.1. For further
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Cu, LS1000

Fig. 3. SEM images of 4 mAh cm-2 of metallic Li deposited on a) Cu, b) Cu_LS1000 and c) Cu_LS300.

clarity, Fig. S4 separates the first CV cycle for the three samples, high-
lighting the reaction mechanism reported above.

Above 1 V, the anodic scan shows partial re-oxidation of the SEI
layer, while re-oxidation of Cu to Cu20 and CuO occurs only above 2 V
vs. Li. The stability of LizO in the defined voltage range for the Li metal
anode-less battery applications was further proved by the CV profile in
subsequent cycles. The CV profile obtained during the 3rd cycle is shown
in Fig. 4d. The peaks related to the conversion reaction, as discussed
above, are much less intense and related to the reduction of the CuOy
mixture, partially regenerated during the anodic scan of the previous
cycle, which further confirms that the Li;O layer formed during the first
charge was not reduced back to Li during the discharge process.

Therefore, the electrodes were tested in a full-cell configuration with
LFP-based cathodes. Galvanostatic charge/discharge cycles were con-
ducted at different C-rates of 0.1C, 0.2C, 0.5C, 1C, 2C, 3C, 4C, and 5C in
order to evaluate the rate-capability behaviour of the cell. Error bars
depict three experimental replicates of each cell type to confirm data
reliability and reproducibility. The results are reported in Fig. 4a. It can
be observed that the pure Cu sample showed a strong capacity fade
during the first three forming cycles at 0.1C, from 130 mAh g~ to 119
mAh g~ 1. In contrast, Cu_LS1000 showed a higher capacity of 141 mAh
g~ and 137 mAh g~! for the identical cycles. The evident different
behaviour suggests that the increased surface lithiophilicity donated by
the laser-generated CuOy, converted to LioO during activation, allowed
for a homogeneous and compact Li layer plating and, as a consequence,
less Li inventory was lost during the forming cycles. Table 3 summarizes
the average specific capacities delivered by the three samples at every C-
rate, calculated by averaging the 5 cycles performed at every C-rate.

At higher current densities, the Cu_LS1000 and Cu_LS300 samples
showed superior performance across all C-rates compared to the pure Cu
sample. This improvement is particularly noticeable at current densities
below 3C, where the oxidized samples demonstrate reduced over-
potentials that benefit the Li plating process. However, as current den-
sity increases up to 5C, the performance gap between the samples

narrows, especially in the case of Cu_LS300.

This diminishing difference at higher current densities can be
attributed to the inherently lower electrical conductivity of the oxidized
Cu samples compared to pure Cu. While the reduced overpotential of the
oxidized samples provided an advantage at lower C-rates by facilitating
Li plating with less energy loss, at higher current densities, the increased
internal resistance within the oxidized electrodes became a more sig-
nificant factor, limiting their overall efficiency.

This effect is clearly illustrated by the charge-discharge curves
(Fig. 5b—d), where an increase in current density results in a greater gap
between the charge and discharge profiles, indicating higher
polarization.

Interestingly, at a high rate of 5C, the Cu_LS1000 sample exhibited a
lower polarization of 261 mV, compared to 273 mV for the pure Cu and
290 mV for the Cu_LS300 sample. This suggested that the Cu_LS1000
sample managed to maintain better conductivity at high rates, likely due
to the lower quantity of oxide on its surface, as previously discussed in
Section 3.1.

In summary, the Cu_LS1000 sample appeared to balance the benefits
of moderate surface oxidation with minimal loss in conductivity,
achieving lower polarization than Cu_LS300 and pure Cu under high-
rate conditions. This highlights the importance of carefully controlling
the oxidation level during processing to optimize both the overpotential
and resistance characteristics of the electrodes, tailoring them for spe-
cific operational requirements.

The Cu, Cu_LS300 and Cu_LS1000 were also subjected to long cycling
experiments in a full cell configuration with LFP-based cathodes at a
constant C-rate of 0.1C for 100 cycles. As can be noted from Fig. 6a, the
capacity retention of the Cu sample is 37 % after 50 cycles and just 11 %
after 100 cycles. Conversely, the Cu_LS1000 sample exhibited 54 % and
31 % retention after 50 and 100 cycles, respectively. Interestingly, the
Cu_LS300 sample showed intermediate values, with 40 % and 15 %
retention after 50 and 100 cycles.

This behaviour could be explained by the reduced Li consumption
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Table 3 during the first charge caused by the CuOx to Li;O conversion reaction
able

Values of the average specific capacity obtained at increasing C-rates from 0.1C
to 5C, calculated from three repetition for each sample.

Average discharge capacity, mAh g!

can have detrimental effects on the cycle life of the cell. This trend
highlights the trade-off between improved interfacial lithiophilicity and
irreversible lithium consumption. The more extensive surface oxidation
in Cu_LS300 results in a thicker CuOy layer, which reacts with lithium to

C-rate Cu Cu_LS1000 Cu_LS300 form Li-O during the first charge. While this facilitates smoother Li
0.1C 123.82 138.78 133.86 plating, it also consumes a substantial portion of the available lithium
0.2C 111.00 129.39 125.53 inventory, which is critical in anode-less systems where Li is limited to
0.5C 101.16 118.79 115.44 the cathode source. The improved electrochemical performances are
1¢ 92.32 107.51 104.71 further confirmed by observing the Coulombic efficiency values during
2C 81.21 93.23 89.05 i h £ th 1 leulated ind ¢
3C 70.45 81.26 74.84 cycling. The average CE of the Cu sample, calculated over a window o

4C 60.89 71.61 62.90 100 cycles, is 96.5 %. The Cu_LS300 and Cu_LS1000 samples showed
5C 52.21 63.23 52.71 96.7 % and 98.2 %, respectively. Charge-discharge curves for the LFP-
0.1C 82.32 100.28 91.14

due to the increased lithiophilicity of the laser-processed surface, as
previously discussed. On the other hand, excessive Li consumption

based full cells after 1, 10, 50 and 100 cycles are reported in
Fig. 6b-d. Notably, the higher voltage hysteresis was observed during
the first cycles for all three samples. This is related to the first Li plating
on the substrate surface. Interestingly, Cu_LS300 and Cu_LS1000 showed
a higher cell voltage during charge, related to the lowered Li plating
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overpotential. The benefit is also evidenced by the CE of the first cycle,
which is only 74.4 % for the Cu sample, and increases to 84.7 % for the
Cu_LS300 sample and 86.7 % for the Cu_LS1000 sample. The CE increase
is correlated to the improved reversibility of the first Li plating, which
reduces the amount of Li loss as dead Li, improving the cycling stability
of the cell. After the 1st cycle, the voltage hysteresis becomes similar for
the three samples and remains constant during subsequent cycling.
Therefore, first cycle Li plating efficiency plays a crucial role in deter-
mining the cell cycle life. In fact, the primary function of the laser-

induced oxide is to form a LiyO-rich interface upon the first activation
cycle. Li;O acts as a highly lithiophilic layer due to its small lattice
mismatch with metallic lithium. This layer lowers the energy barrier for
lithium nucleation, facilitating uniform ionic flux and reducing the
nucleation overpotential. Both Cu_LS1000 and Cu_LS300 benefit from
this effect similarly. They exhibited nucleation overpotentials of 20 mV
and 21 mV, respectively, which are significantly lower than the 34 mV
observed for pristine Cu.

While LiyO favors ionic interaction, it is intrinsically an electronic
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insulator with a wide bandgap of 6 eV. For lithium plating to occur,
electrons must travel from the copper substrate through this SEI layer to
reduce Li™ ions at the surface. As the thickness of the initial oxide layer
increases, the resulting LioO layer becomes thicker, increasing the in-
ternal resistance and polarization of the cell.

This is quantitatively evident in the stable voltage plateau during Li
plating. The Cu_LS300 sample exhibited a much lower plateau of —79
mV (indicating high resistance) compared to —42 mV for Cu_LS1000.
The hindered electronic transport became critical at high current den-
sities. In fact, at 5C, the polarization for Cu_LS300 spiked to 290 mV,
whereas the thinner, more conductive interface of Cu_LS1000 main-
tained a polarization of 261 mV.

The trade-off extends beyond kinetics to the problem of lithium in-
ventory. The conversion reactions (Cu20 + 2Li — 2Cu + Li-O and CuO +
2Li — Cu + Li20) consumes active lithium from the cathode. The thicker
oxide on Cu_LS300 consumed a larger portion of the limited Li inventory
during the very first cycle. Therefore, the combination of higher polar-
ization and reduced initial Li inventory caused the rapid capacity decay
seen in Cu_LS300 (15 % retention after 100 cycles) compared to the
balanced Cu_LS1000 (31 % retention).

To better assess the contribution of surface modification to the
electrochemical performances, three-electrodes cells with lithium as the
reference electrode were assembled for the Cu and Cu_LS1000 samples.
The potential range was set between 3 and 4.2 V to test and separate the
single contributions of the anode and the cathode over five cycles at a
0.1C rate. As can be seen in Fig. 7a-b, the cathodes present a unique
voltage plateau as expected in LFP-based electrodes, as already observed
in the half-cell configuration. The plating and stripping of Li at the anode
take place at voltages slightly lower or higher than 0 V vs. Li, respec-
tively. By looking at the anode voltage profiles, it is possible to note that,
in the first charge, plateaus related to the CuOy to LiO conversion re-
action are clearly visible for the Cu_LS1000 sample, in the range 0-1.5V
(Fig. 7c), but are not present for the Cu sample (Fig. 7d). During the first
plating, the potential reached for the Li nucleation is less negative for the
Cu_LS1000 (—23 mV) compared to the Cu sample (—54 mV), as shown in
Fig. 6e. Therefore, the anode voltage remains lower in subsequent
plating, and hence, the voltage hysteresis is reduced for the cell. During
discharge, plated lithium was stripped from the anode and re-oxidized to
Li" ions along with positive overpotentials. In the early stages of strip-
ping, the potential stabilizes at around 20 mV for the Cu sample and 18
mV for the Cu_LS1000 sample, reflecting that there is some minor dif-
ference between the electrochemical behaviour of the two samples
during the initial stages of the experiment. Toward the end of the first
discharge, the anode potential reaches a value of 228 mV for the Cu
sample, whereas for the Cu_LS1000 sample, it reaches a far lower value
of only 66 mV.

This observation implies that the full-cell lower cut-off voltage of 3 V
was achieved through an increase in the Li stripping potential, rather
than complete re-intercalation of Li into the cathode. Consequently,
some of the plated lithium was not efficiently inserted back into the
cathode structure, leading to the formation of dead Li, unavailable for
subsequent cycles. This irreversible loss of active lithium began as early
as the first cycle and contributed to capacity fading over time.

The more homogeneous Li plating morphology observed for the
Cu_LS1000 sample, apparently caused a more efficient Li plating/strip-
ping process, resulting in better reversibility. Such a difference in Li
stripping behaviour between Cu and Cu_LS1000, then, leads to a slower
capacity fading rate for Cu_LS1000, which was consistent with the
trends observed in previous cycling tests. During the subsequent cycles,
the stripping cut-off voltage stabilizes around 240 mV for both samples,
and the differences between the two samples become less marked,
therefore confirming the behaviour seen during full-cell cycling in a two-
electrode setup. The voltage oscillations visible in Fig. 7a-b are related
to Electrochemical Impedance Spectroscopy measurements, which were
performed after every charge-discharge cycle. Fig. S5 reports the
experimental Nyquist plots and the equivalent circuit used to fit the
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experimental data with the Zview software, both for the Cu and the
Cu_LS1000 samples. Two semicircles are clearly visible in the plots. The
high-frequency one is related to the overlapping of the anode charge
transfer and the Li* diffusion through the SEI layer [55,56], whereas the
lower-frequency to the cathode charge transfer. Due to the similar time
constant of the aforementioned phenomena, it is difficult to clearly
separate and evaluate the specific contributions to the overall imped-
ance. Table S3 summarizes the resistance values obtained after fitting
experimental data. Interestingly, the Rapode Values are much lower and
stable for the Cu_LS1000 sample. In contrast, the value increases upon
cycling between the 1st and 5th cycles. This indicates that the Li;O-rich
interface generated during the first charge improves the kinetic prop-
erties of the electrode. This effect can be ascribed to the combination of
the reduced overpotential for Li plating and the better ionic and elec-
tronic conductivity of lithium oxide, compared to SEI generated by the
electrolyte decomposition [34,57,58]. Overall, these findings further
confirmed the superior electrochemical performances of the laser-
processed electrodes, compared to pure copper samples.

Although three-electrode measurements were primarily focused on
Cu and Cu_LS1000, the trends observed in impedance evolution (Fig. S3,
Table S1) provide insight into the role of surface modification. The
increasing Ranode Values for Cu, in contrast to the stable and lower
resistance observed in Cu_LS1000, emphasize the role of a well-
controlled oxide layer in enhancing interfacial kinetics. While similar
measurements were not conducted for Cu_LS300 due to its lower long-
term stability and practical relevance, its performance trends already
highlight the drawbacks of excessive oxidation. While Li-O is commonly
regarded as an electronic insulator due to its wide bandgap (~6 eV), its
in situ formation during the first charge plays a critical role in stabilizing
the interface in anode-less lithium metal batteries. The Li-O layer formed
through the conversion of CuOx (Cu20 and CuO) during the initial
activation cycle acts as an artificial solid electrolyte interphase (SEI),
reducing the lithium nucleation overpotential and enabling more ho-
mogeneous and compact Li deposition. This is supported by the lower
overpotentials observed during plating (Fig. 3b), the smoother
morphology of plated Li (Fig. 3g-h), and the improved Coulombic effi-
ciency and capacity retention over extended cycling (Figs. 3e and 5a).
Notably, the Cu_LS1000 sample, which exhibited moderate oxide con-
tent, achieved a favorable balance between interfacial lithiophilicity and
overall conductivity, avoiding the excessive polarization observed in
Cu_LS300. These findings indicate that while excessive Li-O can increase
impedance, a controlled and limited Li-O formation enhances the elec-
trochemical reversibility and cycle life of the cell, thereby benefiting
anode-less configurations.

Some recent studies focused on anode-less systems reported higher
long-term cycling performance than the one reported here. However, it
is worth noting that, direct performance comparisons must consider
major differences in electrolyte formulation, formation and cycling
protocols, and cell design parameters. In our case, we used a lean ether-
based electrolyte (1 M LiTFSI in DOL:DME + LiNOs) in coin cell format
without pre-lithiation, stack pressure, or hot-formation procedures. The
areal loading, cut-off voltages, and N/P ratio we employ are also less
optimized than in many literature examples—from dual-salt carbonate
systems to ionic-liquid electrolytes—that report much longer cycle life
[34,51-54]. These factors collectively favor excessive irreversible Li
loss, higher impedance growth, and rapid capacity decay in anode-less
cells, but, at the same time, they allow to a careful evaluation of the
positive contribution of the laser-based modification of the current
collector surface to the improvement of the cell electrochemical per-
formances. Future optimization of electrolyte chemistry, formation
protocols, and cell architecture may yield substantial improvement.
Table S2 shows a comparison between the electrochemical perfor-
mances obtained in this work and some recent literature reports ob-
tained in similar conditions, ranging from advanced 3D-mesh collectors
and alloy-skin Cu foils to simpler oxide-treated Cu. In particular, while
some 3D-mesh or alloy-skin designs achieve very high Coulombic
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efficiencies or extended cycle life, they typically rely on complex ar-
chitectures or specifically optimized electrolyte formulations. In
contrast, the simplicity and scalability of our laser-based oxidation is an
important advantage and highlights a viable route for industrially
relevant anode-less battery design. Nonetheless, the lower capacity
retention after 100 cycles (=31 %) indicates there is still room for
improvement compared to the best-performing examples. This suggests
that combining our treated current-collector with optimized electrolyte
formulations, controlled stack pressure, or 3D structural support could
be viable options.

4. Conclusions

Herein, a new, efficient, and cost-effective method is presented for
modifying copper current collectors using laser-assisted oxidation to
enhance the electrochemical performance of anode-less lithium-metal
batteries (ALLMBs). The laser treatment allowed for the controlled
oxidation of the copper surface with the formation of a copper oxide
layer, CuOy, that converted to Li;O upon the first charge. The copper
oxide layer was extensively characterized and was determined to be
composed of a mixture of cuprous and cupric oxide. The Cu(II)/Cu(l)
ratio was dependent on careful control of the laser process parameters.
The formed oxide layer promoted the uniform formation of a metallic Li
layer with a reduction in Li inventory loss and, hence, improved cycling
stability.

Comparing the various laser oxidation conditions under study,
Cu_LS1000 samples, moderately oxidized, exhibited the best overall
performance with respect to rate capability and cycle life, offering
higher CE values and cycling stability over 100 cycles. This was attrib-
uted to moderate surface oxidation, which provided a good balance
between the amount of oxide and conductivity, reducing lithium plating
overpotentials without increasing the cell electrical resistance. In
contrast, the Cu_LS300 samples, which had a higher degree of oxidation,
showed similar initial cycling performances but then suffered from
lower capacity retention due to excessive lithium consumption during
the first conversion reaction.

Extensive characterizations evidenced the improved electrochemical
performances of the laser-treated copper current collectors, highlighting
enhanced rate capability and cycling stability in both half-cell and full-
cell configurations. Therefore, these findings demonstrate that the pro-
posed laser oxidation approach is quite promising, economical, envi-
ronmentally friendly, and up-scalable for developing efficient anode-less
lithium-metal batteries for industrial applications in advanced energy
storage systems.
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