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% Check for updates Conventional battery electrodes exhibit high tortuosity, which severely

impedes ion transport. This limitation restricts electrode thickness, decreases
power density, and shortens battery lifetime. Fabricating through-holes can
reduce tortuosity, but existing methods are generally complex with poor
space utilization. Here, an array of high-density through-holes are fabricated
by temporally shaped ultraviolet femtosecond laser. Using this technique, we
achieve a 47:1 aspect ratio (6 pm in diameter), ensuring low material loss (<1%)
for 280 pm-thick LiFePO, (LFP) electrodes. The through-hole array reduces
tortuosity of LFP thick electrodes by 19.1% (30 mg cm?), 19.0% (40 mg cm?),
and 20.2% (60 mg cm?), improving the specific energy density of batteries by

9.39%, 12.27%, 17.39% at 1C, 1.5C, and 2 C, respectively. It also boosts LFP
power density by 100%-200% and doubles the cycling lifetime. This work
demonstrates an effective approach for fabricating low-tortuosity thick elec-
trodes, enhancing comprehensive performance of batteries.

Lithium-ion batteries (LIBs) are widely used in portable electronics,
electric vehicles, and large-scale energy storage systems due to their
high energy density, high operating voltage, and long cycling
lifetime'™. However, increased demands for higher energy density,
power density, and longer cycling lifetime have set benchmarks for
LIBs>®. While developing emerging battery materials with enhanced
performance is challenging, designing battery electrode structures
that facilitate electron/ion transport and increase the ratio of active
material presents a viable approach to improving battery perfor-
mance. For instance, the active material thickness has a practical
limit (Fig. 1a), typically around 50-70 um”’. This limitation arises from
the highly compacted structure of electrodes due to the calendaring
process (Fig. 1b), which often results in high tortuosity. High

tortuosity not only hinders electrolyte infiltration but also leads to a
convoluted and lengthy path for ion transport, lowering rates and
capacity’™. In thick electrodes, ion transport has become a major
bottleneck for improving battery performance. Therefore, it is cru-
cial to manufacture low-tortuosity electrodes.

Low-tortuosity electrodes, such as electrodes with through-holes
(Fig. 1c), can enhance the power density, energy density, and cycling
lifetime. Through-holes generally refer to holes that extend all the way
through the current collector. For power density, through-holes pro-
vide direct pathways for ion diffusion, reducing internal resistance and
thus enabling higher rates”™. For energy density, the decreased
internal resistance and enhanced ion transport allow for the use of
thicker electrodes, increasing the ratio of active material and thereby
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enhancing energy density”'¢. Additionally, through-holes are less
likely to become blocked compared to microstructures in traditional
electrodes, resulting in more stable cycling performance'”'%,

Given these advantages, considerable efforts have been made to
fabricate low-tortuosity electrodes, with template methods being the
most widely employed techniques. These include magnetic
alignment”, phase inversion method?, freeze-casting method*-** and
a modified ice-templating process**(Supplementary Table 1). Despite
these advancements, challenges persist, including complex fabrica-
tion processes, incompatibility with existing manufacturing work-
flows, and, particularly, unsuitability for calendaring. Calendaring is
crucial as it reduces electrode porosity and improves internal elec-
trical contact***. However, these template methods are incompa-
tible with calendaring, as the process can partially or completely
collapse the aligned-pore structures. As a result, the pore-engineered
electrodes typically exhibit excessively high porosities (40-70%,
Supplementary Table 1). This compromises the potential advantages
of higher energy density that can be achieved with thicker
electrodes®. For a battery using LFP as positive electrode and lithium
metal as negative electrode, an increase in LFP layer thickness from
60 pum to 260 um results in a 46.0% increase in specific energy den-
sity. However, the introduction of low-tortuosity aligned pores
usually increases the porosity by more than 20%, resulting in a 17.1%
reduction in specific energy density. This weakens the specific energy
density gains achieved by thick electrodes (Fig. 1d). Similar patterns
are observed in volumetric energy density, where the issue is even
more pronounced due to the high porosity resulting in the waste of
battery space (Supplementary Fig. 1).

Laser can manufacture micro-holes by focusing it on the sample
surface, thereby increasing the temperature at the focused spot
through energy accumulation®%, This causes the material to undergo
photothermal (melt, vaporize, and ionize) or photochemical reactions,
thereby forming holes® .. It provides advantages such as non-contact
and flexible machining, low cost, fast processing speed, etc. Moreover,
as a post-treatment method, it is compatible with existing manu-
facturing workflows, including the calendaring process, making it a
highly effective solution. Emani et al. used ultrafast laser to introduce
structured pore networks and reduce tortuosity, enhancing capacity
and rate performance®. Another effort applied laser patterning to
develop 3D channel architectures in thick graphite negative
electrodes™ and silicon/graphite composite negative electrodes™,
improving capacity and cycling performance under fast charging
conditions. Although these developments demonstrate the applica-
tion of laser patterning techniques in producing low-tortuosity elec-
trodes, the challenge of low space utilization still exists, with all these
works reporting high material loss (10-20%, Supplementary Table 1)
and large hole spacing during laser processing. Therefore, it is crucial
to develop methods that can create dense micropore arrays in thick
electrodes with low material loss, aiming to significantly reduce tor-
tuosity while maintaining high space utilization.

In this report, we present a femtosecond laser percussion drilling
method with frequency/time domain shaping techniques to fabricate
high-density micro-through-hole arrays in any battery electrode. The
resulting holes feature a radius of approximately 6 um in electrodes
with thicknesses up to 280 um, achieving a maximum aspect ratio of 47
and low material loss of <1%. The through-hole array reduces the tor-
tuosity of thick electrodes by ~20%, significantly enhancing rate per-
formance for LFP electrodes and NMC electrodes, with the power
density increasing by 100-400% (Fig. 1e). The thickest laser-structured
LFP electrode with an areal mass loading of 60 mgcm™ exhibits
capacities of 139.4, 125.63 and 84.86 mAhg™ at 0.5C, 1C, and 1.5C,
respectively. In contrast, an identical LFP electrode without laser
structuring showed capacities of 108.07, 23.63 and 8.48 mAhg™ at
0.5C, 1C, and 1.5C, respectively. Similar rate performance improve-
ments were also observed for the thick NMC electrodes. This allows

LFP for increase in mass loading from 14 mgcm™ to 30-60 mgcm?,
corresponding to a specific energy increase of 9.39% to 17.39%. Fur-
thermore, the cycling stability is markedly enhanced, with the cycling
lifetime doubled. This study highlights the effectiveness of our method
in developing low-tortuosity electrodes with low mass loss, offering a
practical method to enhance energy density, power density, and life-
time of batteries.

Results

Fabrication and characterization of through-holes with small
diameters and high-aspect ratios

To achieve low-tortuosity thick electrodes with low material loss, it is
essential to fabricate high-quality through-holes with small dia-
meters and high aspect ratios. However, this remains challenging due
to the inherently porous and fragile electrode structure. During the
laser drilling process, the electrode is easily affected by thermal or
stress damage, resulting in excessive material loss. To this end, a Ti:
Sapphire laser with 800 nm wavelength and 35 fs pulse was selected
because its ultrashort pulses and high peak intensity allow electrons
to absorb photon energy before the lattice temperature rises,
resulting in significantly smaller thermal effects and thus a higher
aspect ratio. The opacity of electrode materials makes it challenging
to fabricate through-holes with small diameters and high aspect
ratios, as conventional spatial modulation methods, such as Bessel
beam shaping, cannot be used. Therefore, a multi-pulse percussion
drilling method was adopted for micro-hole machining in electrodes,
in which the holes are fabricated by repeated impacts from hundreds
of laser pulses (Fig. 1f). The aspect ratio of a hole is theoretically
limited by the quality of the focused beam®, including the size of the
processing laser spot, the depth of focus, and the laser power. The
diameters of the holes are affected by the focal laser spot size (2wg)
and) focal depth (2z,), which is given by ref. 36:

2wy =21/(TNA) @
2z, = kw,* ()]

where 2wy is the diameter of the focused laser spot, 2z, is the focal
depth of the focused laser spot, A is the wavelength of the laser light,
and NA is the numerical aperture of the lens. As indicated by Eq. 1,
achieving a smaller hole diameter requires reducing the laser beam
size, which can be accomplished by decreasing the wavelength and
increasing the NA of the lens. However, it is not feasible to con-
tinuously increase the NA because the focal depth decreases as the NA
of the objective lens increases (Eq. 2). If the NA is too high, through-
holes cannot be fabricated due to limited focal depth (Supplementary
Table 2). Therefore, it is necessary to balance the beam size and focal
depth by carefully adjusting the NA and laser wavelength.

Objective lenses with different NA values (0.15-0.8) and femto-
second lasers with different wavelengths (800 nm and 400 nm) were
used to perform multi-pulse percussion drilling experiments on
40 mg cm™2 LFP thick electrodes (190 pm). Scanning Electron Micro-
scopy (SEM) and optical microscopy were used to examine both sur-
faces of the electrode to determine if through-holes were fabricated.
When using lower NAs such as 0.15, 0.3, it is challenging to focus the
femtosecond laser on the electrode to form through-holes (Supple-
mentary Fig. 2a-b). This is because both the spot diameter and the focal
depth are large, resulting in low laser energy density (Supplementary
Fig. 3a-b). When the NA increases from 0.4 to 0.45 and 0.5 (Fig. 2a-c
and Supplementary Fig. 2c-e), it becomes possible to fabricate
through-holes, with apertures narrowing from 20 pum to 15 pm, and
then to 10 pm, respectively. When the NA is further increased to 0.8,
through-holes cannot be fabricated due to the relatively short focal
depth (Supplementary Fig. 2f and Supplementary Fig. 3c).
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Fig. 1| Challenges and solutions in manufacturing low-tortuosity thick elec-
trodes. The schematics of a conventional thin electrode, b high-tortuosity thick
electrode, and c low-tortuosity thick electrodes with through-holes. d The rela-
tionship between specific energy density and active material thickness in Li | [LFP
batteries. Calculations can be found in Supplementary Note 1. e The Ragone plot of

laser-structured LiFePO, (LFP) electrodes and unstructured LFP electrodes. The
numbers refer to the areal mass loading, while ‘U’ and ‘L’ stand for unstructured
electrode and laser-structured electrode, and ‘Gain’ refers to the increase in specific
power and specific energy at the same areal mass loading. f The schematic diagram
of the laser processing system with frequency/time domain shaping techniques.

Furthermore, a BBO crystal was employed for frequency domain
shaping to double the laser frequency and convert the wavelength
from 800 nm to 400 nm, successfully reducing the through-hole dia-
meter from 10 um to 6 pm (Fig. 2d). The relationship between pore size
and NA and the mechanisms are summarized in Fig. 2e, f, respectively.

We next tried to optimize hole distribution to enhance electro-
lyte penetration and facilitate ion diffusion, with the prerequisite of
low material loss (<1%). As discussed earlier, 6 um is the smallest
achievable hole diameter using our method. To realize a material loss
of below 1%, the hole spacing can be determined to be 60 pm, with
the longest ion diffusion length of 42 pm in electrode microstructure
(Supplementary Fig. 4). This sample is labeled as 6-60 um, using a
‘hole diameter-hole spacing’ format. We further fabricated 6-60 pum,
10-120 pm, 20-240 pm, and 30-360 pm structures on 190 pum thick
LFP electrodes, all with the same material loss (<1%). These LFP
electrodes were assembled into half-cells, and their electrochemical
performances were compared. The results showed that the 6-60 pm
configuration performed better than the 10-120 um setup, which in
turn was more effective than the 20-240 pum electrode, and sig-
nificantly exceeded the 30-360 pm electrode and the unstructured
electrode (Fig. 2g). This pattern can be attributed to the shorter ion
diffusion path within the electrode microstructure, which reduces
internal resistance and improves rate performance.

To further validate the enhancement of electrode-level ion diffu-
sion enabled by laser-structured through-holes, simulations of the

discharging process were performed using COMSOL Multiphysics.
Four electrode structures were simulated, representing unstructured,
6-60 pm, 10-120 pm, and 20-240 pm hole configurations (Fig. 3a).
The results also demonstrated that electrodes with the 6-60 pm hole
configuration achieve higher discharge capacities at elevated C-rates
compared to both larger but diluted pore structured configurations
and the unstructured electrode (Fig. 3b). The enhanced rate perfor-
mance of the 6-60 pum structured electrode is attributed to better
ionic transport. Fig. 3c-e and Supplementary Fig. 5 illustrate the salt
concentration evolution over time during 1C discharge for both
structured (6-60 pm) and unstructured electrodes. In unstructured
electrodes, a steep concentration gradient starts to develop during the
reaction, eventually leading to localized lithium-ion depletion. By
the end of discharge (2250 s), the electrolyte salt concentration at the
bottom of the electrode (Z= 0-40 um) had reached zero, halting the
electrochemical reaction due to the lack of available lithium ions
(Fig. 3f). This severe transport limitation results from the high tortu-
osity of unstructured LFP. In contrast, the laser-structured electrode
maintains a more uniform electrolyte concentration profile through-
out the discharge process. The through-holes enhance ionic transport
pathways, avoid localized depletion, and sustain continuous reaction
activity. Even at the end of discharging period (2250-3194 s), the salt
concentration at the bottom of the electrode (Z=0-40 pm) remains
significantly higher, ensuring full capacity utilization at 1C (Fig. 3g).
These findings confirm that optimizing ionic transport and reaction
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Fig. 2 | The method to minimize material loss of LFP electrodes during laser
percussion drilling. a-d SEM and backlight microscope images showing micro-
hole arrays created by femtosecond laser percussion drilling with different
Numerical Aperture (NA = 0.4, 0.45, 0.5) objective lenses and different wavelengths
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and wavelengths. f The effects of objective lens NA and laser wavelength on the
diameter and aspect ratio of laser-drilled holes. g Influence of hole size/distribution
on rate performance, including configurations of 6-60 pum, 10-120 pm,

20-240 pm, 30-360 pm.

uniformity requires more small holes with dense distribution. Moving
forward, all laser-structured low-tortuosity thick electrodes were
designed based on the 6-60 pm configuration, which proved to be the
most effective for enhancing ion transport and rate capability.

With 6-60 pm being the optimal structure, we further examined
its impact across electrodes of different thicknesses. Four thick-
nesses of LFP electrodes (including 20 um thick Al foil), 80 um,
150 um, 190 um, and 280 um were prepared, corresponding to areal
mass loadings of 14, 30, 40, and 60 mgcm?, respectively. Specifi-
cally, 6-60 pm through-hole arrays were successfully created in the
electrodes with thicknesses of 80 um, 150 um, 190 um (Fig. 4a-c and
Supplementary Fig. 6), with a material loss ratio of less than 1%.
However, this technique failed to fabricate through-holes in the
280 pum-thick LFP electrode (Fig. 4d), indicating the method has
reached depth limit*. The limit is mainly due to the high density of
free electrons in the plasma plume, which causes significant reflec-
tion of the energy from subsequent pulses. When the beam is fully
reflected and attenuated, the growth of the hole depth slows down
and eventually stops®®.

In order to address this challenge, birefringent crystals of varying
thickness were used to shape the ultraviolet laser temporally into
multiple sub-pulses with different time delays. The experimental
results demonstrated that through-holes (280 pm) were fabricated by
temporal shaped femtosecond laser across all the pulse delays with
0.45ps, 1.78 ps, 14.24 ps (Supplementary Fig. 7). However, the dia-
meter of the through-hole increased when the pulse delay was 14.24 ps,
a phenomenon also observed for the 190 um thick LFP electrode
(Supplementary Fig. 8). Eventually, the 0.45 ps sub-pulse delay was
determined to be the best at drilling 6 um through-holes in 280 pm-
thick LFP electrodes, achieving an aspect ratio of 47 (Fig. 4e and
Supplementary Fig. 9). This depth-to-diameter ratio is the highest
known among opaque materials (Supplementary Table 3).

This high depth-to-diameter ratio is achieved through meticulous
light modulation. When the energy surpasses the ablation threshold, it
causes instant melting, vaporization, and ionization of the material®. The
debris generated during the fabrication of through-holes can be effec-
tively removed using debris extraction systems such as smoke
purifiers”’. The formation of through-holes is facilitated by multiple
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and 2250 s during 1 C discharge. R =15 pm denotes the horizontal distance of 15 um
from the through-hole. f Electrolyte salt concentration distribution, and

g electrode state of charge (SOC) evolution over time for unstructured LFP and
6-60 pm structured LFP during 1C discharge.

factors, including axial propagation from laser reflections, plasma
absorption in the microhole, and the recoil pressure from shock waves
combined with material extrusion (Supplementary Fig. 10). At the outlet,
the ablative material is shaped by recoil pressure and gravity, while at the
inlet, it’s influenced by evaporation and recoil pressure. Our technique
fully utilizes these principles: (1) Frequency domain shaping and a high
numerical aperture (NA) reduce the laser spot diameter and concentrate
laser energy density at the focal point, contributing to multiphoton
absorption in the electrode. (2) Temporally shaping the ultraviolet laser
with a 0.45 ps delay pulse decreases the energy of each pulse without
altering the spot size (Supplementary Fig. 11). This reduction in pulse
energy minimizes the reflection of the plasma to the laser, thereby
facilitating more efficient energy transfer to the bottom of the hole***,

Zoom-in SEM images revealed uniform morphology and low heat-
affected zones in the vicinity of through-holes. No burns, microcracks,
or material peeling were observed on the electrode surface, indicating
the preservation of electrode integrity. Compared to the unstructured

electrode surface, the area surrounding the laser-processed pores
appears a little denser (Supplementary Fig. 12). This verifies that the
formation of high-aspect-ratio microholes is partly due to the extrusion
effect of the femtosecond laser percussion. Energy Dispersive Spectro-
scopy (EDS) analysis showed that the electrode composition remained
largely unchanged (Supplementary Fig. 13). X-ray tomography was fur-
ther used to characterize the internal morphology, revealing holes
without material peeling or delamination (Fig. 4a-e). These findings
indicate that the temporally shaped ultraviolet femtosecond laser per-
cussion method is ideal for reducing electrode tortuosity without
introducing significant electrode damage or material loss.

Electrochemical performance of low-tortuosity thick electrodes
All the laser-structured LFP electrodes exhibited significant enhance-
ment over unstructured electrodes. At a low mass loading of
14 mg cm™ (Fig. 5a), the benefits of low tortuosity become apparent
only when the rates are higher than 5C, as the tortuosity of thin
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electrodes does not impede ion diffusion until higher rates. At a mass
loading of 30 mg cm™ (Fig. 5b), there was an obvious capacity differ-
ence starting from 1 C. Specific capacities of 128, 97, and 41 mAhg™
were achieved for laser-structured LFP at1C, 2 C, and 3 C, respectively,
greatly exceeding the unstructured LFP, which delivered capacities of
113, 50, and 15mAhg’ at the same rates. At a mass loading of
40 mgcm (Fig. 5¢), the difference becomes evident at 0.5 C, indi-
cating that high tortuosity becomes a major bottleneck for thick
electrodes. At rates of 1C, 1.5C, and 2 C, the discharge capacities of
laser-structured LFP were 130, 113, and 78 mAh g™, respectively, while
unstructured LFP showed much lower capacities of 51, 20, and
9mAhg™ due to insufficient Li* supply through the highly tortuous
structures at fast charging/discharging conditions. Even with a mass
loading of 60 mg cm™ (Fig. 5d), the laser-structured LFP maintained a
capacity of 85 mAh g™ at 1.5 C, whereas the unstructured LFP managed
only 8mAhg™. Generally, laser-drilled low-tortuosity structure can
increase the power density of thick electrodes (=130 pm) by 100-200%
without compromising specific capacity.

Semiempirical models to extract the time constant (z5,) associated
with the rate-limiting kinetic process were further applied to explain
the rate enhancement, using the following equation*’:

¢ B
=1—exp (— Tﬂ) 3)

where C/C, represents the normalized capacity, t is the discharge time,
and 75 denotes the time constant of rate limiting process. A smaller 75
indicates faster ion transport, enabling Li* ions to access active sites
more rapidly. As shown in the fitted curves (Supplementary Fig. 14) and
summarized in Supplementary Table 4, electrodes with through-holes

Do

exhibit significantly smaller 74. This confirms that the through-hole
architecture shortens ion transport pathways within thick electrodes,
enhances ionic accessibility to active materials, and improves rate
performance.

The significant improvement in power density allows for the use
of thicker electrodes, thereby achieving higher areal capacity and
enhancing energy density (Fig. 5h). However, accurately quantifying
this increase in energy density is challenging, as energy density
fluctuates with power density (Supplementary Fig. 15). A key
requirement for using electrodes of specific thicknesses is main-
taining good capacity retention at the desired operating rate. To this
end, we established a baseline of at least 50% capacity retention
(75mAh g™) at the highest operating rate as the prerequisite for
using electrodes of a certain thickness, and then we calculated the
energy density increase based on the maximum energy density that
the thickness can provide. As illustrated in Fig. 5f, if a 1C rate is
essential for the product, the increase in specific energy density from
expanding the active material thickness from 156 um (36 mg cm™) to
260um (60 mgcm™) would result in a specific energy density
increase of 9.39%, according to Fig. 1d. Similarly, at rates of 1.5 C and
2 C, the specific energy density increase is determined to be 12.27%
and 17.39%, respectively. Using the same criteria, we calculated that
the increases in volumetric energy density are 14.92%,19.48%, and
26.72% for 1C, 1.5C, and 2 C, respectively (Supplementary Fig. 15).

The observed improvement is attributed to the reduction in tor-
tuosity. To quantify the tortuosity change, electrochemical impedance
spectroscopy (EIS) of LFP || LFP symmetric cells was performed. The
resulting impedance spectra were analyzed using the transmission-line
model (TLM), which enables extraction of ionic resistance within the
electrolyte phase of the porous positive electrode. Given the uniform
and low-volume through-hole structure, the electrode can still be
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Fig. 5 | Electrochemical measurements of unstructured and laser-structured
LFP electrodes with different thicknesses. Rate performance of unstructured and
laser-structured LFP electrodes (1C =160 mA g) with different areal mass loadings
of al4mgcm™? b30mgcem?, ¢ 40 mgem™? and d 60 mgcm™ at various current
densities. Capacity comparison curves of batteries at different charging and dis-
charging rates: € 0.1C; f1C; g 2 C. h Areal discharge capacity for electrodes of

varying thickness. ‘Delta’ refers to the increase in areal discharge capacity at the
same areal mass loading. i-1 Electrochemical Impedance Spectroscopy (EIS) to
measure the tortuosity of LFP electrodes in symmetric batteries. (The equivalent
circuits are in Supplementary Fig. 22.) m-p Charge-discharge voltage profiles of
different LFP electrodes at 0.5 C for m 14 mg cm™?, n 30 mg cm2, 0 40 mg cm?, and
p 60 mgcm™.

considered homogeneous (Supplementary Note 2). The impedance
response (Fig. 5i-l) can be deconvoluted into three components: (1)
The resistance Ry, which accounts for the resistance of the electrolyte//
separator, electric contact resistance, etc.; (2) A semicircle in the high-
to-mid frequency, attributed to the electrode//current collector con-
tact resistance (R..,); (3) lonic resistance (R;,,/3) within the porous
electrode, appearing in the low-to-mid frequency, which reflects ion
transport resistance through electrolyte-filled pores within electrode
structures. The tortuosity can be calculated using the following
equation***:

— RionAKg
T== (€]
where 7 is the tortuosity, R,,, is the ionic impedance, A is the cross-
sectional area of the electrode, k is the conductivity of the electrolyte, &
is the porosity, and d is the thickness of the electrode coating. A10 mM
solution of TBACIO4 in EC/DEC (w/w =1:1), with an ionic conductivity
of -4.6 x10™ S cm, was used to meet the requirement for TLM (Re./
Rion <1072, The EIS plots of unstructured LFP symmetric cells under
different pressures demonstrate that the extracted ionic resistance

Rion, and thus tortuosity, can be considered independent of R, and R
(Supplementary Fig. 16). The validity was confirmed by the invariance
of (Ri,nxk) across electrolytes with different conductivities (Supple-
mentary Note 3, Supplementary Fig. 17). The ionic resistance and
calculated tortuosity are shown in Table 1.

For electrodes with mass loadings of 14, 30, 40, and 60 mgcm™2,
the measured tortuosity values were 2.62, 2.57, 2.58, and 2.47,
respectively, indicating that tortuosity is largely independent of
thickness in unstructured electrodes. After laser structuring, the
tortuosity was consistently reduced to 2.02, 2.08, 2.09, and 1.97,
respectively. These results demonstrate a robust and reproducible
~20% decrease in tortuosity across all electrode thicknesses, con-
firming the effectiveness of the through-hole architecture in short-
ening ionic transport path.

Galvanostatic intermittent titration technique (GITT) on both
laser-structured and unstructured LFP electrodes was further per-
formed to assess lithium-ion diffusion. GITT results revealed a
notably lower IR overpotential in laser-structured electrodes, indi-
cating reduced ionic resistance due to the through-hole array (Sup-
plementary Fig. 18). Moreover, the potential can be reasonably
approximated to exhibit a linear relationship with the concentration,
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Table 1| Comparison of the tortuosity of different electrodes

Areal mass Thickness of active  lonic impedance R;o, (Q) lonic impedance Rj,, (Q)  Tortuosity of unstruc-  Tortuosity of laser- Reduction of
loading materials (um) of unstructured LFP laser-structured LFP tured LFP structured LFP tortuosity
(mgcm?)

14 60 201.51 152.02 2.62 2.02 22.9%

30 130 428.20 338.17 2.57 2.08 19.1%

40 170 562.65 444.46 2.58 2.09 19.0%

60 260 641.86 823.26 2.47 1.97 20.2%

satisfying the requirement for validating the diffusion coefficient
calculation (Supplementary Fig. 19). The Li* diffusivity can be cal-
culated using the classic Fickian model:

D=3 )

where D is the lithium-ion diffusion coefficient, L is the thickness of
the active material layer, AE, is the total voltage change during the
current pulse, and AE; is the steady-state voltage change after
relaxation. Results (Supplementary Table 5) show significantly higher
Li* diffusivity in laser-structured electrodes. Although GITT aims to
measure particle-level ion diffusivity, real electrode responses are
also affected by tortuosity and electrolyte access. Unstructured LFP
with high tortuosity delays equilibration, lowering AEJ/AE, and
underestimating D. So laser-structured electrodes reduce these
limitations, enabling faster ion redistribution, more accurate AEy/
AE,, and thus a higher, more reliable diffusion coefficient, reflecting
the architectural improvements.

Low-tortuosity structures reduce internal resistance and over-
potential, thereby minimizing heat generation and energy loss,
effects that become increasingly pronounced with thicker active
material layers and higher charge/discharge rates (Fig. 5m-p and
Supplementary Fig. 20). For electrodes with thicknesses of 190 um
and 280 um operating at 0.5C, the energy efficiencies of the laser-
structured electrodes have significantly increased from -76%
(unstructured LFP electrode) to 92%, representing a substantial
energy saving (Supplementary Table 6). The energy loss, usually
wasted as heat, presents a significant risk for fast charging and dis-
charging. This was further confirmed by cyclic voltammetry (CV)
results (Supplementary Fig. 21). At a scan rate of 0.05mVs™, the
discharge and charge peaks were respectively observed at 3.2V and
3.6V, corresponding to the two-phase transition between FePO, and
LiFePO,*. The laser-structured electrode exhibits sharper redox
peaks and much lower overpotential than the unstructured elec-
trode, indicating faster ion diffusion and smaller overpotentials.
Therefore, the low-tortuosity structure is advantageous for high-
power operations.

The laser-structured LFP electrode also demonstrated enhanced
cycling performance compared to its unstructured counterpart. Both
structured and unstructured LFP electrodes were paired with lithium
metal for cycling tests (Fig. 6a-c). At a rate of 0.2 C, all the batteries with
unstructured thick electrodes, regardless of the thickness, could only
sustain 40-60 cycles, whereas those with laser-structured electrodes
reached 150 cycles, marking an enhancement in cycling lifetime. The
same trend was also observed for 0.5 C (Fig. 6d-f).

The laser structuring technique has done low damage to active
materials, as verified by high temperature tests. Both laser-structured
and unstructured LFP half-cells were fully charged and stored at 60 °C
for over 200 h to assess self-discharge (Supplementary Fig. 23a). The
similar voltage retention profiles indicate that laser processing does
not introduce reactive surface, suggesting no additional side reactions.
Galvanostatic cycling at 60°C (Supplementary Fig. 23b-c) showed that
laser-structured electrodes exceeded unstructured ones across

different thicknesses (14 and 40 mgcm™2), demonstrating the same
improved cycle stability at elevated temperature.

The laser shaping method has a wide material applicability, since
laser can process any material. 6-60 pum through-hole arrays were
further fabricated in NMC electrodes (Fig. 7a-b and Supplementary
Fig. 24) with two thicknesses (60 pm, 160 pm) corresponding to areal
mass loadings of 14, 50 mg cm?, respectively. For the 60 pm thick NMC
electrode, the laser-structured NMC electrode demonstrated capacities
of 156 mAh g™ at 1 C and 113 mAh g at 5 C. This is an improvement over
the unstructured NMC electrode (Supplementary Fig. 25), which deli-
vers only 127mAh g™ at 1C and 4 mAhg™ at 5C (Fig. 7c), roughly 5
times improvement in rate performance. For the 160 pm thick NMC
electrode, the laser-structured NMC electrode exhibited a roughly
100% improvement in rate performance, delivering a specific capacity
of 93 mAhg! at 1.5C (Fig. 7d), while the unstructured electrode can
only operate at 0.75C to show similar capacity. Similarly, the intro-
duction of through-holes in the NMC electrode effectively reduces its
overpotential (Supplementary Fig. 26).

The negative electrode is another critical limiting factor in fast
charging. Graphite particles are typically large (>10 um), increasing
tortuosity and restricting Li* diffusion. This inadequate ion transport
can lead to inhomogeneous lithiation and even metallic lithium plat-
ing, not only reducing capacity but also posing safety risks*. Laser
structuring alleviates these limitations by enabling more uniform and
faster Li* transport throughout the electrode. Although the size of
graphite particles often exceeds the hole size, our experiments
demonstrate that high-energy femtosecond laser pulses can effectively
fabricate 6-60 pm through-hole array in graphite negative electrodes,
irrespective of particle size (Supplementary Fig. 27). This highlights the
versatility and efficacy of our approach for both electrode positive and
negative electrode applications, ultimately enhancing rate capability
and improving long-term cycling performance.

Discussion

This study successfully demonstrated a frequency and time-domain
laser shaping technique to fabricate low-tortuosity LFP and NMC
thick electrodes with low material loss. By manufacturing micropore
arrays in the electrodes via femtosecond laser drilling, we success-
fully enhanced the energy density, power density, and cycling life-
time of batteries, presenting a promising avenue for the
development of high-performance, durable, and fast charging/dis-
charging lithium-ion batteries.

Currently, our approach utilizes laser direct writing, a method that
is inherently slow, with a fabrication rate of 3-5 holes per second. To
enable large-scale industrial applications, manufacturing speed needs
to be improved. One promising strategy is beam splitting, which was
demonstrated here using a diffractive optical element (DOE) to divide
the laser beam into a 1x 4 array, increasing the processing speed by
fourfold, achieving 12-20 holes per second (Supplementary
Figs. 28-29). For industrial-scale production, the use of high-
repetition-rate lasers (in the MHz range) in combination with custo-
mized DOE beam splitters can enable far greater parallelization. For
instance, a 100 x100 beam array could theoretically deliver over
10,000 simultaneous beamlets, enabling processing speeds of
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30,000-50,000 holes per second, as already demonstrated in through
glass via (TGV) by using a femtosecond Bessel beam*’. Then the pro-
cessing rate of 6-60 pm structure would be 1cm?s™, satisfying the
typical industrial takt time requirement. By integrating laser beam
splitting and debris extraction systems, the proposed technique is
compatible with calendared electrodes and roll-to-roll production,
enabling scalable processing for industrial-scale manufacturing lines
(Supplementary Fig. 30). Future research will explore more high-speed
laser drilling methods and evaluate how microstructural modifications
influence battery performance under real-world operating conditions.

Methods

Laser percussion drilling on thick electrodes

The femtosecond pulsed laser system (Spectra physics; Ti:sapphire,
35fs, 800 nm, 1kHz) provided the ultra-short 800 nm laser pulses
(Fig. 1f). The laser beam was directed through a BBO crystal (BaB,0,,
Fuzhou Yujing Optoelectronic Technology Co., Ltd.) and an optical
filter to double the frequency of the 800 nm laser light, converting it to
400 nm. Then a birefringent crystal (Chenjing Optoelectronics Co.,
Ltd) was used to temporally shape the Gaussian pulses into double-
pulse trains (subpulse energy ratio, 1:1) with crystal thicknesses and
corresponding time delays of 0.8 mm-0.45ps; 3.2 mm-178 ps;
25.6 mm-14.24 ps, respectively. A mechanical shutter was applied to
obtain the desired number of pulses. A charge-coupled device (CCD)
camera was used to visualize the sample surface and to position it at
the beam focus. The temporally shaped ultraviolet pulses were
reflected by a dichroic mirror and then focused by a long-focus 50x
objective lens (NA = 0.5, Olympus) onto the electrode, installed on an
Xyz translation stage driven by a computer-controlled system. After
the diaphragm was adjusted to limit the laser beam to a spot diameter
of 2mm, we tested the laser energy. Laser percussion drilling used
300 shots (¢ = 0.3 s) with a pulse energy of 35 pJ (Fig. 2a-d). The single
pulse energies used for drilling LFP electrode with thicknesses of

80 um, 150 um, 190 ym, and 280 um are 10 yJ, 20 wJ, 30 y, and 60 yJ,
respectively (Fig. 4a-d). The single pulse energies used for drilling the
NMC electrodes with thicknesses of 60 um, 160 um are respectively 10
W, 20 yJ (Fig. 7a-b). All electrodes were commercially sourced from
Hefei Frontier New Material Co., Ltd., and produced via the tape-
casting method. For the electrode composition, both NMC and LFP
electrodes consisted of polyvinylidene fluoride (PVDF) as the binder,
conductive carbon black, carbon nanotube, and either LFP or NMC as
the active material, with respective weight ratios of 1.5%, 2%, 0.5%, and
96%. The particle sizes (D50) of LFP and NMC were ~0.6-1.8 pm and 10
pm, respectively, measured by a Malvern MS-2000 laser particle size
analyzer. The detailed particle size distributions are provided in Sup-
plementary Table 7.

Characterization

The surface morphology of the low-tortuosity thick electrodes was
obtained by on a field emission scanning electron microscope (SEM,
Regulus 8230, Hitachi) working at 5kV. The elemental composition
analysis was conducted via an X-ray spectrometer (EDS, Bruker)
operated at 6 kV. For the three-dimensional reconstruction of internal
morphology, a high-resolution X-ray tomography with ZEISS recon-
struction (XRT, Xradia 520 Versa, ZEISS) with was used, with the beam
energy set to 60 kV and the beam current set to 93 pA for imaging. The
morphology of the upper and lower surface through-holes was
obtained by an optical microscope BX 51 (Olympus), in which both the
electrode material and the current collector were penetrated.

Electrochemical testing

Coin-type half-cells using the CR2032 (304 stainless steel, Kelude Co.,
Ltd.) casing format were assembled in an Ar-filled glovebox using Li
foils (thickness of 1 mm, diameter of 16 mm) as counter electrodes,
polypropylene film (Celgard 2500, diameter of 19 mm) as separators,
single-side coated LFP/NMC 811 electrodes (square, 5x5mm), and
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Fig. 7 | Surface morphology of the through-hole array and electrochemical
performance of LiNisCo;Mn; 02 (NMC) electrodes. a, b Scanning Electron
Microscope (SEM) images of the laser-structured 6-60 um NMC electrode.
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30 pL of electrolyte—1.0 M LiPF¢ dissolved in a mixture of ethylene
carbonate (EC): diethyl carbonate (DEC) with a volume ratio of 1:1
(Dodochem Co., Ltd.). All battery charge-discharge tests and GITT
measurements, with data recorded at a frequency of 1 data point per
10 seconds, were conducted on a LAND-CT3002A battery test instru-
ment (Lanhe, RS422 Protocol, Wuhan). LFP/NMC batteries were tested
in the voltage range of -2.0-4.3 V/ - 2.5-4.3 V under constant current/
constant voltage charge. And a 1 C rate corresponds to a specific cur-
rent of 160 mA g™ for LFP, and a specific current of 180 mA g™ for NMC.
Two cycles of charge-discharge at 0.1C were performed before the
battery performance testing phase. And the cutoff capacity for the LFP
half-cell is 160 mAh g™, and that for the NMC half-cell is 180 mAh g™
CV measurements were taken at a scan rate of 0.05mVs™ and in the
range of 2.8-4.3 V. The tortuosity tests were performed using pouch
cells with EIS tests. AC impedance measurements were taken in the
frequency range of 0.01Hz-10° Hz at open circuit potential with a 5 mV
amplitude. During tortuosity measurements, the electrode is circular
with a diameter of 12 mm without charging; the electrolyte used is
10 mM TBACIO, (98%, Macklin) in EC/DEC w/w = 1:1 with a conductivity
of 0.46 mS cm™; and ¢ is 30% for unstructured electrodes and 30.7% for
laser structured electrode. These tests were carried out on a CHI 760E
electrochemistry workstation from Shanghai Chenhua Instrument, Inc.
All electrochemical tests were conducted at temperature of 26 + 3 °C.
For each single electrochemical experiment, three cells were tested to
ensure the reliability of the data.

Electrochemical simulation

Electrochemical modeling and simulation of unstructured LFP and
laser-structured LFP electrodes with different configurations were car-
ried out using COMSOL Multiphysics 5.4. Given the favorable heat dis-
sipation conditions, the half-cell models during battery operation were
considered to be isothermal. Since the nanoparticles and pores within
the LFP porous electrodes were much smaller compared to the overall
electrodes, these electrodes were simplified as a homogeneous med-
ium. The diffusion of lithium in LFP particles was depicted using Fick’s
laws, while ion transport in the electrolyte was modeled via the con-
centrated solution theory™. The charge transfer rate at the electrode-
electrolyte interfaces was governed by the Butler-Volmer kinetics. The
detailed model parameters are presented in Supplementary Table 8.

Beam splitting

A laser beam splitter suitable for 800 nm femtosecond lasers (MS-
629-800-Y-A, 6¢=2.26, Holoor) was customized, which can reshape
the original Gaussian-shaped femtosecond laser into a 1x4 laser beam
array. Except for the differences in power and propagation direction,
other parameters of the reshaped laser, such as repetition frequency
(1khz) and pulse width (35fs), are the same as those of the femto-
second laser before reshaping. Specifically, the beam splitter was
placed in front of a 20x short focal length objective lens (NA = 0.45,
Olympus) and the pulse delay of temporally shaped femtosecond
laser is 0.45ps. The single pulse energy used for high-efficiency
drilling on the LFP electrodes (14 mgcm™) is 50 y (Supplementary
Figs. 27-28).

Data availability
The authors declare that the data supporting the findings of this study
are available within this article and its Supplementary Information, or
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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