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3D-structured NMC622 with precisely controlled electrolyte channels were manufactured by incorporating
femtosecond laser processing with conventional slurry casting. Demonstrated in a full cell for the first time, the
3D electrode structures mitigate plating and dendrite growth at the graphite electrode and lead to improved
cycling performance, 75 % capacity retention vs 58 % after 500 cycles. 3D-structured NMC622 with a high areal
capacity, 5.5 mAh cm ™2, exhibits an areal capacity retention of ~70 % and volumetric capacity exceeding 250
mAh em~3 at ~1.15C, three times and twice that of a conventional slurry-casted NMC622, respectively. The
improved rate performance is attributed to the enhanced ionic transport and reduced charge transfer resistance
facilitated by the 3D electrode structure, as shown through galvanostatic titration measurements. A finite
element method-based 3D model illustrated the improved uniform distribution of Li-ion concentration and state
of charge within the 3D-structured electrode. Additionally, the 3D electrode structure proved beneficial for

wettability and accelerated electrolyte absorption, leading to improved manufacturing efficiency.

1. Introduction

Lithium-ion batteries (LIBs) nowadays are ubiquitous energy storage
devices and are widely adopted in portable electronic devices, electric
transportation and even grid-scale energy storage [1]. LIBs play a
pivotal role in advancing electrification and achieving our Net Zero goal
by 2050 [2,3]. However, the energy and power densities of LIBs are yet
to fully meet our demands. The limited driving range and slow charging
speed of current electric vehicles are two exemplary bottlenecks for LIBs,
making it difficult to completely displace conventional internal com-
bustion engine vehicles in the short term [4]. Besides, LIBs are facing
challenges in satisfying the needs of heavy-duty applications, such as
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trucks, trains and aircraft [5-7]. These concerns necessitate further
advancement in the energy and power performance of LIBs.

Electrodes are vital components in LIBs and have been extensively
researched to improve LIB performance [8]. Previous research on elec-
trodes can be generally categorized into two main areas: material dis-
covery and structure optimisation. Electrode material discovery refers to
identifying new electrode materials with higher capacity, higher oper-
ating voltage (cathode), faster Li-ion transfer kinetics, better electrical
conductivity, higher stability and lower cost [9,10]. For example, uti-
lising oxide anodes can significantly enhance power densities, while the
lower voltage of such cells reduces the energy density, illustrating that
this high energy and power target cannot easily be achieved through
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electrode material substitution [11,12]. Electrode structure optimisa-
tion involves tuning electrode structures, such as porosity, pore size,
pore distribution, to improve LIB performance, which has attracted
more and more attention recently [13-16]. Current LIB electrodes have
been manufactured using slurry casting for three decades since the first
LIB was commercialised by Sony in 1991. Despite some advantages of
cost-effectiveness and the ability to scale up, the limitation of slurry
casting is also very obvious. Slurry casting has low controllability on the
produced electrode structure and all slurry-casted electrodes have
randomly distributed porosities, resulting in sluggish ionic transport
[17]. As the electrode has been fabricated thicker and thicker to achieve
higher energy densities, the ionic transport within the slurry-casted
electrode can be further hindered due to the elongated transport
pathway, resulting in unsatisfactory power density [18]. Besides, the
energy density can be significantly reduced when the electrode thick-
ness is over a critical value due to increased cell polarisation and
underutilisation of active materials [19]. Li et al. pointed out the
requirement for low-tortuosity electrodes for simultaneous high-energy
and high-power batteries [20].

Achieving high energy and high power concurrently with conven-
tional slurry-casted electrodes has been proven to be very challenging.
To this end, much effort has been made to manufacture electrodes with
specific structures while allowing high thickness and fast ionic transport,
such as via various templating routes [21-25], additive manufacturing
[26-29], laser processing [30,31] and multilayer coating [32,33]. As
discussed in a recent comprehension review on electrode processing, the
main considerations on these processes are around scalability,
throughput and cost [34]. Among them, laser processing provides a
facile and effective route to fabricate structured electrodes with highly
controlled electrode geometry and structures. Furthermore, laser pro-
cessing shows high compatibility with the existing slurry casting pro-
cess, making it a promising avenue for future electrode manufacturing.
Pfleging systematically summarised research advances in laser electrode
processing [35]. Various cathodes and anodes, including graphite [36],
carbon-coated silicon [37], silicon/graphite composite [38], lithium
nickel manganese cobalt oxide (NMC) [39], have been successfully
processed by laser and demonstrated improved performance, e.g. elec-
trolyte wettability, improved ionic transport and rate capability. How-
ever, many questions remain unclear. In particular, studies have been
limited to half-cell configurations, so the impact of electrode structural
modification on the counter electrode in a full-cell design is still un-
known. Furthermore, the distributions of the state-of-lithiation and
lithium-ion concentration within the laser-created 3D electrode struc-
ture have not been well studied. Although laser-induced breakdown
spectroscopy has been proven to be a functional technique to map
lithium-ion distribution, most studies are limited by 2D structure char-
acterisations and the resolution needs further improvements [40,41].
Furthermore, optimal structures and potential side effects of laser pro-
cessing are also factors that need to be systematically studied.
Addressing these concerns will be crucial for achieving the full promise
of laser processing.

In this work, we utilised the femtosecond laser technique to create
3D structures on a standard cathode, NMC622, aiming to improve the
power density. The influence of a structured cathode on the counter
electrode in a full cell was investigated for the first time. Moreover, all
NMC 622 electrodes have high mass loadings of up to 38 mg cm ™2 and
corresponding areal capacities over 6 mAh cm ™2 before laser processing,
giving rise to high energy densities. The laser-created structure and
associated morphology change were observed by scanning electron
microscope (SEM) and micro X-ray computed tomography (micro CT)
and optical microscope. Possible chemical composition change was
characterised by energy dispersive spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS). The electrolyte absorption perfor-
mance, ionic transport in electrolyte within the electrode, charge
transfer resistance, and Li-ion diffusion in the solid state were investi-
gated. The improvement in 3D structure in Li-ion transport was further
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illustrated and understood using finite element method-based electro-
chemical modelling. This work provides a comprehensive understanding
of the 3D laser-structured electrodes with a view to paving the way for
future wide adoption of laser technique in electrode manufacturing for
high-performing Li-ion batteries.

2. Results and discussion

NMC622 electrodes were first fabricated by conventional slurry
casting and then transferred to a laser machine for processing, as illus-
trated in Fig. 1a. Femtosecond pulsed laser beams were directed onto the
electrode to selectively remove materials at certain locations to create
specific structures. Figs. 1b and c show the micro-CT scanned images of
the cross-section of NMC622 electrodes before and after processing,
respectively. Some grooves created by laser beams are visible in Fig. 1c.
All laser-created grooves have a tapered cross-section due to the inter-
action between laser beams and the electrode material and associated
energy loss as the laser beam goes deeper into the electrode [30].
Figs. 1d and e show the top view of the NMC622 electrodes before and
after processing. The laser-created grooves are straight channels from
the top angle and parallel to each other. Two parameters of the
laser-structured NMC622 were defined in Figs. 1f and g: groove size and
plateau size. The groove size is defined as the top width of the straight
channel, and the plateau size is the distance between two adjacent
channels. A 3D optical microscopy image of the laser-structured elec-
trode is shown in Figure S1.

Fig. 2a shows the laser-created structures with three different groove
sizes of 70,110, 210 um (left to right) and three different plateau sizes of
100, 200, 400 um (top to down). Both the groove and plateau sizes can
be controlled by controlling the laser parameters. The smallest achiev-
able groove size is about 50 um due to the resolution of the setup (F-
Theta F160mm focal length lens). Information on electrode porosity,
areal capacity and structural parameters of all samples is shown in
Table 1. Fig. 2b shows the electrolyte absorption performance of the
laser-structured electrode with a groove size of 70 um and a plateau size
of 100 um (sample 1) and an unstructured electrode. The vertical axis is
the time from O to 1 s. As an electrolyte droplet dropped on the top of the
two electrodes, the laser-structured electrode can completely absorb the
electrolyte in about 0.5 s, while the unstructured electrode still has
electrolyte on the top after 1 s, demonstrating that the laser-structured
electrode has faster electrolyte absorption. It should be noted that the
electrolyte droplet was dropped randomly on the surface of the elec-
trodes and the diameter of the electrolyte droplet is about 1.8 mm, much
bigger than all laser-created grooves. The electrolyte absorption speed
mainly depends on the surface tension of the electrolyte and the surface
free energy of the electrodes, as previously reported in [42]. For this
study, a consistent electrolyte was utilised across all experiments,
ensuring uniformity in electrolyte properties. The observed enhance-
ment in electrolyte absorption speed can be therefore attributed to the
increased effective capillary radius and increased electrode porosity [43,
44]. Similar results can be seen for other laser-structured electrodes in
Figure S2. The improved electrolyte absorption performance of the
laser-structured electrodes has practical significance to industries as it
can shorten the soaking time required and thus improve -cell
manufacturing efficiency.

Figs. 3a-c show the side wall of the laser-created grooves (laser-
irradiated area) at different magnifications. The surface morphology of
the side wall has been significantly changed after laser processing. In
Fig. 3b, secondary particles are clearly visible on the top of the electrode
(pristine area), while the laser-irradiated area shows a much flatter
surface without any secondary particles. At a higher magnification in
Fig. 3c, the laser-irradiated area shows a very rough surface with large
sub-micron-sized particles which are very likely the primary particles.
Besides, some micron-sized cracks can be observed, which might be
formed by laser-induced stress and can benefit electrolyte penetration
and Li-ion transport. Fig. 3d shows the cross-section of a single groove
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Fig. 1. NMC622 before and after laser processing. a) Schematic illustration of NMC622 after slurry casting and laser processing, micro-CT scanning images of the
cross-section of NMC622 b) before and c) after laser processing, SEM images of the top view of NMC622 d) before and e) after laser processing, f) SEM image and g)

schematic illustration of the cross-section of a laser-structured NMC622 (s
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Fig. 2. Laser-created structures and electrolyte absorption performance. a) laser-created structures with three different groove sizes of 70, 110 and 210 pum (left to
right) and three different plateau sizes of 100, 200 and 400 um (top to down), b) electrolyte absorption on the top a laser-structured electrode (groove size: 70 um &

plateau size: 100 um) and an unstructured electrode. (scale bar: 200 um).
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Table 1
Sample information.

Groove size Plateau size Porosity ~ Density (g Areal capacity
(um) (um) cm™?) (mAh em™?)

1 70 100 49.46 2.34 5.05

2 70 200 46.21 2.49 5.47

3 70 400 44.28 2.58 5.33

4 110 100 61.69 1.77 3.49

5 110 200 53.21 2.16 4.33

6 110 400 47.57 2.42 5.50

7 210 100 69.52 1.41 2.86

8 210 200 63.03 1.71 3.74

9 210 400 54.22 212 4.80

10  Unstructured 41.62 2.70 6.05

and Fig. 3h is the selected area for EDS mapping. It is clear to see that a
thin layer of a few microns is formed on the side wall of the groove in
Fig. 3h. EDS mapping further illustrates the carbon content is much
lower in the thin surface layer compared with the bulk electrode
(Fig. 3e). Considering laser processing can cause localised heat accu-
mulation, the carbon near the surface is likely to be burnt out, resulting

| o e
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in reduced carbon content. Other elements seem not to be affected too
much by laser processing from the EDS maps (Figs. 3f, g, i, j, k). XPS
spectra show the surface composition of the pristine and laser-irradiated
areas. The survey scan spectra can be seen in Figure S3. It is clear to see
that the atomic percentages of carbon and fluorine contents are reduced
from 63.33 to 57.39 (Fig. 31) and 18.36 to 8.51 (Fig. 3m) after laser
processing, respectively, while the oxygen percentage shows a signifi-
cant increase from 10.63 % to 25.83 % (Fig. 3n). The increased oxygen
content mainly comes from the enhanced surface oxygen peak at about
532 eV, which can be attributed to the oxidation at the surface induced
by high-energy laser beams and the partial removal of conductive car-
bon and PVDF binder [31]. In Fig. 31, a small peak at ~283 eV is
increased after laser structuring, which is indicative of the formation of a
trace amount of carbides, e.g. nickel carbide [45]. The peak at about 685
eV in Fig. 3m corresponding to LiF shows an increase after laser pro-
cessing [46,47]. There are no obvious differences in the XPS spectra of
the transition metal elements, Ni, Mn and Co (Figure S3) before and after
laser processing.

Figs. 4a and b show the cyclic voltammogram of a laser-structured
and an unstructured NMC622 for a potential range of 2.5-4.25 V and
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Fig. 3. Surface morphology and composition of before and after laser processing. a)-c) surface morphology of laser-irradiated area at different magnifications, d)-k)
EDS mapping in the selected area h), 1)-n) XPS spectra of different elements in the laser-irradiated area.
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Fig. 4. Electrochemical characterisation of laser-structured (sample 1, groove: 70 um & plateau: 100 pm) and unstructured electrodes in half cells. a-c: cyclic
voltammogram of a) laser-structured and b) unstructured electrodes, ¢) correlation between peak current and square root of scan rate, d-f: GITT measurements for d)
solid-state Li-ion diffusion coefficient, e) IR drop, f) exchange current density, g) EIS plots measured at 50 % SOC, h) charge transfer resistance.

different scan rates of 0.05-0.1 mV s 1. The laser-structured electrode
has a groove size of 70 ym and a plateau size of 100 um (sample 1).
Considering that the two electrodes have slightly different mass load-
ings, the current is normalised with the weight of the active material.
The anodic and cathodic peaks in the two voltammograms are at similar
potentials, suggesting identical redox reactions for both laser-structured
and unstructured NMC622. Moreover, the unstructured NMC622 ex-
hibits a more pronounced distortion with the anodic peak shifting right
and cathodic peak shifting left in its voltammogram compared to the
laser-structured counterpart, indicating higher polarization, which is
related to slow mass transport. Fig. 4c plots the anodic and cathodic
peak currents against the root square of the scan rate. The peak currents
are proportional to the square root of the scan rate, implying that the
redox reactions are diffusion-controlled [48]. According to the Rand-
les—Sevcik equation, the diffusion coefficient is proportional to the peak
current divided by the square root of the scan rate, i.e. the slopes of the
linear fitting lines [49]. The slopes are 23.75 and 16.74 in charging and
discharging cycles for the laser-structured electrodes, higher than the
unstructured electrode (17.34 and 10.96), demonstrating that the
laser-structured electrode has a faster Li-ion diffusion than the un-
structured one. It should be noted that the Li-ion diffusion mentioned
here includes Li-ion transport in the electrolyte-filled pores (liquid-state
diffusion) and the Li-ion diffusion in active material particles (solid-state
diffusion) [50]. Figure S4e plots the anodic peak currents against the

scan rate and further fits the plots using the power law equation y = ax®.
The b values for the laser-structured and unstructured electrodes are
0.71 and 0.74, respectively, implying similar charge storage processes
and likely mixed reaction control mechanism by both the electrode
surface (b = 1) and Li-ion diffusion (b = 0.5) in the selected scan rate
range [48,51]. The laser-structured electrode shows a higher a value of
0.92 than the unstructured one (0.68), which is likely due to increased
electrode surface and enhanced electrode/electrolyte contact after laser
processing.

The apparent diffusion coefficient of Li-ions in the solid state is
measured by the galvanostatic intermittent titration technique (GITT)
and shown in Fig. 4d. The measured diffusion coefficient mainly ranges
from 10712 to 2 x 10~!, which is consistent with previous studies [52,
53]. The laser-structured electrode exhibits a solid-state Li-ion diffusion
coefficient that is very close to and marginally higher than the un-
structured electrode, suggesting that laser structuring has a minimal
impact on the solid-state diffusion of Li-ions. As reported previously in
[52,54], the Li-ion diffusion coefficient measured by GITT is not solely
determined by the solid-state diffusion but is also influenced by the Li*
transport within the electrolyte at high electrode thicknesses. The slight
improvement in solid-state Li-ion diffusion from the laser-structured
electrode may result from the enhanced ionic transport within the
electrolyte.

Fig. 4e shows that the laser-structured electrode exhibits lower IR
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drops than the unstructured electrode. The raw GITT plots for the laser-
structured and unstructured electrodes can be seen in Figure S4. The IR
drop is the sum of an ohmic overpotential (77,,,) and a charge-transfer
overpotential (17c7) [55]. The ohmic overpotential can be calculated by
multiplying the series resistance(Rs) with applied current density (I), as
shown the Equation:

IR drop = 1y, + Ner = IRy + cr

Considering the series resistances are around 2.5 Q (EIS measure-
ment in Fig. 4g) and the applied currents are similar for both the laser-
structured and unstructured electrodes, the lower IR drop of the laser-

b
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structured electrode implies smaller charge transfer overpotential and
faster reaction kinetics. The higher exchange current density of the laser-
structured electrode in Fig. 4f further confirms the faster reaction ki-
netics. The charge transfer resistance can be obtained through electro-
chemical impedance measurement (EIS) in Fig. 4g. At an identical SOC
of 50 %, the laser-structured electrode shows smaller semicircles than
the unstructured electrode, indicating a smaller internal resistance [56].
By fitting the Nyquist plots with the equivalent circuit inserted in Fig. 4g
[571, the laser-structured electrode shows a charge transfer resistance
(Rcr) of 6.1 Q, about one-third of the unstructured electrode (19.3 Q).
GITT measurement gives slightly lower values for R¢t, 4.9 Q and 12.3 Q

------- Experiment| +-o+-- Experiment
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Fig. 5. 3D structure reconstruction and electrochemical modelling. Electrode geometry for a) unstructured and b) structured models. Half cell discharging plots for
¢) unstructured and d) the structured NMC622 at different current densities from 20 to 400 mA g_l. e) State-of-lithiation in particles and f) lithium-ion concentration
profiles within the electrolyte and porous regions at the end of 20 and 200 mA g~! discharge. Quantitative distribution of g)-h) SOC and i)-j) lithium-ion con-

centration along the direction of electrode thickness.
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for the laser-structured and unstructured NMC622 in Fig. 4h, respec-
tively. Both the EIS and GITT measurements show a lower charge
transfer resistance from the laser-structured electrode. This can be
ascribed to the increased contact area between the electrode active
materials and the electrolyte after the laser processing. All of the EIS
fitting parameters are shown in Table S1. It is worth mentioning that the
ohmic resistance of the laser-structured and unstructured electrodes are
very similar, around 2.5 Q, suggesting that the laser structuring has a
negligible effect on the overall electrical conductivity of the electrode
and current collector [58]. The diffusion coefficient, exchange current
density and open circuit voltage (Figure S4c) measured by the GITT test
were fed into an electrochemical model to investigate the quantitative
impact of the laser-structured electrode on the distributions of Li-ion
concentration and state of charge/discharge.

Finite element method-based electrochemical modelling was used in
this study for both unstructured and laser-structured electrodes [59,60].
The models were based on the 3D structures reconstructed from
micro-CT scanned images, as shown in Figs. 5a and b. The models were
parametrised using the diffusion coefficient and exchange current den-
sity as outlined in Fig. 4 as well as the open-circuit potential in
Figure S4c, which enables the models to have a strong underlying
experimental foundation. Figs. 5¢ and d display the discharge plots of
the unstructured and laser-structured NMC622 at different current
densities from 20 to 400 mA g L. It is clear that the modelling and
experimental results are in good agreement. Figs. 5e and f further
illustrate the state-of-lithiation (SOC) and Li" concentration profiles
within the electrodes at the end of the discharge, respectively. The SOC
is defined as the ratio of the instantaneous lithium concentration at a
given point in the domain and the maximum possible lithium concen-
tration. At a low current density of 20 mA g~*, both laser-structured and
unstructured NMC622 show a relatively uniform distribution of SOC and
Li* concentration. At a high current density of 200 mA g~!, the
laser-structured NMC622 exhibits much more uniform distributions of
the SOC and Li" concentration, while the unstructured NMC622 shows
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severe gradients in the SOC and Li" concentration along the direction of
electrode thickness. Figs. 5g and h further show the quantitative SOC
gradient. The SOC is defined as the SOC at the centre of each active
material particle. At the end of 200 mA g ! discharge, the
laser-structured NMC622 shows a uniform SOC distribution between
70—100 %, while the unstructured NMC622 exhibits a much wider
range, with ~100 % SOC at the surface close to the separator and only
~20 % SOC at the surface close to the current collector. Figs. 5i and j plot
the Li* concentration within the electrolyte and porous regions along
three planes (A in the unstructured NMC622, B and C in the structured
NMC622) identified in Figs. 5a and b. At 20 mA g’l, the Li™ concen-
tration is high and uniformly distributed along all three planes. A severe
Li* concentration gradient can be seen in the unstructured NMC622
(plane A) as the discharge current is increased to 200 mA g}, with
complete Li* depletion occurring within a large portion of the electrode.
On the contrary, the laser-structured NMC622 (planes B and C) shows
much smaller gradients, indicating enough Li* distribution throughout
the electrode. The models provide direct visualisation of the
state-of-lithiation and Lit concentration, which confirms that
laser-created grooves are beneficial for Li-ion transport and electrode
performance.

Fig. 6a shows the gravimetric capacity of all NMC622 electrodes
studied in this work. At current densities higher than 100 mA g}, all
laser-structured NMC622 deliver remarkably higher gravimetric ca-
pacities than the unstructured one. The improved rate performance is
attributed to the enhanced Li-ion transport and reduced charge transfer
resistance. Nevertheless, all laser-structured NMC622 electrodes exhibit
slightly lower capacities than the unstructured one at lower current
densities of 10-50 mA g~ !, which is very likely due to the surface change
after laser processing. The laser-irradiated area has reduced carbon
content and therefore lower electrical conductivity and reduced capac-
ity. Fig. 6b compares the rate performance of the laser-structured
NMC622 with an identical groove size of 110 ym and three different
plateau sizes of 100, 200 and 400 um. At current densities < 100 mA g},
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a larger plateau size results in a higher capacity, implying that capacity
increases as the number of laser-created grooves decreases. This sup-
ports our interpretation of capacity loss, that is, the more grooves are
made, the more capacity will be lost at low current densities. At a high
current density of 400 mA g™, the laser-structured NMC622 with a
smaller plateau size delivers a higher capacity, which can be explained
by better Li-ion transport and smaller charge transfer resistance when
more grooves are created. Similar results can be seen from the other two
groups of samples with groove sizes of 70 and 210 um in Figures S5a and
b. Fig. 6¢ plots the capacity of the laser-structured NMC622 with an
identical plateau size of 200 pm and three different groove sizes of 70,
110 and 210 um. A larger groove leads to higher capacities regardless of
the current density, suggesting that larger grooves facilitate Li-ion
transport better. Laser-structured NMC622 electrodes with different
plateau sizes of 100 and 400 pm follow the same trend (Figures S5c and
d). It should be noted that the laser-structured NMC622 with a groove/
plateau size of 110/400 um (Sample 6) has an areal capacity of 5.5 mAh
em 2 and can show capacity retention of up to 70% at a current density
of 200 mA g_l (~ 1.15C), about three times of the unstructured elec-
trode (26 %, as shown in Figure S6), showing the potential of achieving
high energy and power concurrently.

Volumetric capacity is another important parameter that needs to be
considered, particularly in compact devices whose volume is strictly
limited. The volumetric capacity is defined as the capacity per unit
volume of the electrode and calculated by equation [61]:

Volumetric capacity = Gravimetric capacity * electrode density

* active material ratio

The electrode density can be found in Table 1 and the active material
ratio is 96 %. Fig. 6d illustrates that all the laser-structured NMC622
deliver lower volumetric capacities than the unstructured one at 10-50
mA gfl, which can be ascribed to the increased porosity and capacity
loss caused by surface change after laser structuring. At a current density
of 100 mA g~! or higher, structured electrodes start to surpass the un-
structured one in the volumetric capacity as the Li-ion transport be-
comes a limiting factor at high current densities and laser-created
structures are beneficial for Li-ion transport. Figs. 6e and f show that a
large plateau or a small groove leads to higher capacities at low current
densities because of fewer grooves created and therefore lower electrode
porosities and less capacity loss. On the contrary, a small plateau or large
groove is beneficial at high current densities due to better Li-ion trans-
port and mass transfer. Similar results can be seen in Figure S7. Struc-
tured NMC622 with groove/plateau size of 110/400 (Sample 6) delivers

a
7
“.T\ 6 Grap'Jhite
S
[&] J
_C 5
< i
§,4 o wemdgnae. 75% retention
> Ty
® 3t
s 58% retention
Ol
© = Laser Structured :
Graphit:
g 1 e Unstructured s;f,‘;,;{f,r
" 1 . 1 e 1 -
0 100 200 300 400 500

Cycle

Li deposition

Graphite vs. structured NMC

Energy Storage Materials 69 (2024) 103373

only about 10 % lower volumetric capacity than the unstructured one at
20 mA g~! but more than twice the volumetric capacity at 200 mA g~
(~1.15C), showing great potential for the application in compact
devices.

The effect of laser-created structures on electrode performance can
be understood through porosity. Electrodes subjected to different laser
processes exhibit distinct porosities (Table 1). Figure S8 shows the ef-
fects of electrode porosity on gravimetric and volumetric capacities.
Gravimetric capacity slightly decreases with increasing porosity at a low
current density of 20 mA g~* due to more grooves created and more
surface changes generated, while at a high current density of 200 mA
g1, gravimetric capacity increases with increasing porosity due to
enhanced Li-ion transport. Additionally, volumetric capacity decreases
with increasing porosity at a low current density of 20 mA g~ ! due to less
electrode density. At a high current density of 200 mA g™, volumetric
capacity initially increases but subsequently decreases with increasing
porosity due to the combined effects of material loss and enhanced Li-
ion transport. The optimal porosity is around 50 %, similar to the
identified optimal structure (sample 6).

Fig. 7a shows the cycling performance of NMC/graphite full cells at
100 mA gfl. The full cell with a laser-structured NMC622 (Sample 1: 70
um grooves and 100 um plateaus) shows a better cycling performance,
with ~75 % capacity retention after 500 cycles. For comparison, the full
cell with an unstructured NMC622 only shows a capacity retention of
around 58 %. The cycling performance can be explained by lithium
metal deposition formed on the graphite electrode, as shown in the in-
serts in Fig. 7b. The two circular electrodes were obtained by dis-
assembling the full cells after 500 cycles. The light region on the two
circle electrodes is lithium metal deposition and the dark region is
graphite, as evidenced by SEM images at the bottom. It is obvious that
the graphite anode working against the laser-structured NMC622 shows
less coverage of lithium deposition. Besides, it is interesting to observe
that the deposition shows a negative replica of the grooved structure of
the laser-structured NMC622, ~100 pm-sized grooves between ~70 pm
width of deposited lithium, suggesting that the laser-created structure
on the cathode can limit lithium metal deposition at the anode. This
indicates that the inhomogeneous current distribution on the cathode is
reflected in the anode electrode, resulting in lithium deposition opposite
to the cathode ridges.

Future efforts can focus on laser processing parameter optimisation,
such as laser pulse frequency, pulse duration, scanning speed, etc. to
minimise the laser-induced surface change and capacity loss. In addi-
tion, the introduction of an inert atmosphere during the processing is

R

Graphite Li deposition Graphite

Graphite vs. unstructured NMC

Fig. 7. Cycling and post-mortem analysis. a) cycling performance of NMC622/Graphite full cells at 100 mA g~*, b) surface morphology of graphite anodes after 500

cycles. (scale bar: 10 pm).
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also expected to be beneficial. In this work, it can take up to 10 h to
process one piece of NMC622 with dimensions of ca. 10x20 cm? using
the femtosecond laser and the associated capital cost is high. Further
optimisation should also aim to significantly shorten the processing time
required and lower the cost, for example, utilising cheaper nanosecond
laser, while the greater thermal effect on electrode materials and pro-
cessing precision need to be tested. Additionally, laser ablation inevi-
tably increases the electrode porosity and the amount of electrolyte
required, diminishing the energy density at the cell level. Despite the
significant performance gains, future effort could leverage a larger
database and machine learning techniques to optimise the laser-created
structures further, aiming to use the electrode porosity more efficiently
and enhance performance without necessarily increasing porosity
infinitely.

3. Conclusions

In this work, we successfully fabricated highly controllable 3D
structured NMC622 electrodes containing electrolyte channels, by
applying femtosecond laser processing to high-loading slurry cast elec-
trodes. Despite ablation of the cathode particles by the laser, which
resulted in lower carbon content at the surface of the channels, high
gravimetric and volumetric capacities are observed even at higher cur-
rent rates, and when demonstrated in a full cell for the first time an
improved capacity retention of 75 % was observed, compared to 58 %
after 500 cycles due to improved electrolyte transport to the entire
electrode thickness.

An interesting observation in the full cell, requiring further investi-
gation is the impact of the structured cathode upon the graphite elec-
trode. Despite improved cycle life, some lithium deposition was
observed in stripes which reflect the electrode areal current density
distribution in the cathode. This observation indicates that structuring
the anode may also help to further improve cell rate and cycling
performance.

The optimal structure identified in this work is a groove size of 110
um and a plateau size of 400 pm (sample 6). This laser-structured
NMC622 has a high areal capacity of 5.5 mAh cm ™2 and an areal en-
ergy density over 200 Wh m™2 at the electrode level by assuming an
average voltage of 3.7 V, almost double that of commercial lithium-ion
battery electrodes [62]. At ~1.15C discharge, this laser-structure
NMC622 can deliver up to 70 % capacity and a volumetric capacity
over 250 mAh cm 3, three times and twice that of a slurry-casted
NMC622, respectively. This superior rate capability of the 3D-structured
NMC622 is attributed to the enhanced lithium mass transport within the
electrode. Significantly reduced tortuosity of the electrode is achieved
with electrolyte channels which reach the current collector surface. This
facilitates ion transport and results in a more homogeneous lithium
distribution and hence improved charge transfer or current distribution
across the thickness of the electrode. The improved mass transport and
electrode reaction kinetics are shown by a voltage peak shift in the cyclic
voltammetry and reduced charge transfer resistance and overpotential
in EIS and GITT.

4. Experimental section
4.1. Initial electrode manufacturing

NMC622 electrodes were fabricated by slurry casting, with a formula
of 96 wt% NMC622, 2 wt% polyvinylidene fluoride (PVDF) and 2 wt%
C65. PVDF (Solvay) was pre-dissolved in NMP to make a PVDF solution
with a concentration of 8 wt%. Half the 8 wt% PVDF solution was mixed
with C65 powder (Imerys) using a THINKY mixer (ARE-20, Intertronics)
at 500 rpm for 1 min and 2000 for 5 min. NMC622 powder (Targray) and
the other half of the PVDF solution was added to the mixture and mixed
again at 500 rpm for 1 min and 2000 rpm for 10 min. The mixture was
subsequently degassed in the THINKY mixer at 2200 rpm for 3 min. The
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obtained slurry was homogenous and had a solid content of around 60
%. The mixed slurries were then coated on Al current collectors with an
areal capacity of around 6 mAh cm™2. NMC622 coatings were initially
dried at 80 °C to remove most solvents followed by overnight drying in a
vacuum oven at 120 °C. The dried electrodes were calendered to po-
rosities of around 40 %.

4.2. Laser processing

A Georg Fischer Machining Solutions Laser system (P 400 U - 5 Axis)
and a femtosecond pulsed IR laser source (Pulse duration = 290 fs,
Wavelength = 1032 nm) were used to create 3D structures in the slurry-
casted NMC622. The laser parameters were set as: average power =6 W,
frequency = 500 KHz, scanning speed = 2000 mm/s, scan hatch distance
= 0.02 mm. The laser-created grooves have three different top widths of
70,110 and 210 um and three different plateau sizes of 100, 200 and 400
um, as illustrated in Fig. 2. Considering all slurry-cast NMC622 coatings
have a thickness of ~140 um, laser processing was repeated for 90 runs
to create deep groves throughout the coating. Some debris settled on the
electrode surface after laser processing and were subsequently removed
by an air duster.

4.3. Scanning electrode microscopy with energy-dispersive X-ray (SEM-
EDX) spectroscopy analysis

The surface morphology of the NMC622 before and after laser pro-
cessing was investigated by scanning electron microscopy (Apreo 2
SEM) under an acceleration voltage of 10 kV. For the observation of the
side wall of laser-created grooves, the sample stage was tilted to focus on
the side wall. For cross-sectional observation, the cross-section of
NMC622 electrodes was prepared by a broad ion beam system (ArBlade
5000, Hitachi). The elemental distributions were measured by the built-
in energy-dispersive X-ray spectroscopy (EDX).

Cycled coin cells were decrimped and opened in a glovebox.
Graphite anodes were washed with anhydrous dimethyl carbonate
(DMC) and dried before being transferred to another glovebox con-
nected to an SEM. The surface of the graphite anodes was then observed
using a FIB-SEM Tribeam system (Thermo Fisher Scientific Helios 5
Laser Hydra UX).

4.4. Micro X-ray computed tomography

Slurry-casted NMC622 without laser processing and laser-structured
NMC622 electrodes were secured on a petri dish with polyimide tape
and fixed to the translation table of a laser micro-machining instrument
(A Series, Oxford Lasers Ltd.) containing a 532 nm laser with a spot size
of ca. 40 pm. The NMC622 electrodes were then successively milled to a
rectangular tab with dimensions of ca. 1.5 x 4 mm? [63]. The obtained
samples were scanned with a lab-based micro-CT instrument (Xradia
Versa 520, Carl Zeiss Inc.), with an 80 kV tube voltage and 40X optical
magnification. The voxel size is around 0.3 um and the volume size is
around 800x800x800 mm?. The radiographs were reconstructed in a
3D volume using a filtered back-projection algorithm implemented in
the commercially available Zeiss XMReconstructor (Carl Zeiss Inc.) [64].

4.5. X-ray photoelectron spectroscopy (XPS) analysis

XPS Analysis was performed using a Kratos Axis SUPRA XPS fitted
with a monochromated Al ka X-ray source (1486.7 eV), a spherical
sector analyser and 3 multichannel resistive plate, 128 channel delay
line detectors. All data were recorded at 150 W and a spot size of
700x300 pm. Survey scans were recorded at a pass energy of 160 eV,
and high-resolution scans were recorded at a pass energy of 20 eV.
Electronic charge neutralization was achieved using a magnetic im-
mersion lens. Filament current = 0.27 A, charge balance = 3.3V, fila-
ment bias = 3.8 V. All sample data were recorded at a pressure below
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10-8 Torr and at 150 K temperature. Data were analysed using CasaXPS
v2.3.20PR1.0 and the spectra were calibrated with C1s peak at 284.8 eV.

4.6. Electrolyte wetting measurement

All NMC622 electrodes were cut into circular with a diameter of 14.8
mm. An identical volume of ~8 puL of electrolyte (1 M LiPF6 in EC: EMC
3:7 v/v + VC 2 wt% (PuriEL)) was dropped on the top of NMC622
electrodes on a contact angle goniometer (Ossila) and the process was
recorded by a high-speed camera.

4.7. Coin cell assembly

2032-type half-cell and full-cell coin cells were constructed for
electrochemical tests. Slurry-casted and laser-structured NMC622 elec-
trodes with a diameter of 14.8 mm serve as the cathodes. A tri-layer
2325 separator with a diameter of 16 mm (Celgard) and 100 pL elec-
trolyte of 1 M LiPF6 in EC:EMC 3:7 v/v + VC 2 wt% (PuriEL) were
used. Li-metal disc and graphite electrode with a diameter of 15 mm
were used as anodes in half cells and full cells, respectively. After the
assembly of coin cells, a formation step composed of two char-
ge-discharge cycles at a 10 mA g ~ ! was conducted within a voltage
window of 2.5 to 4.25 V vs. Li/Li" for NMC622 half-cells using a BCS-
805 Biologic battery cycler (Biologic, France).

4.8. Cyclic voltammetry

Cyclic voltammetry was performed at different scan rates of 0.05,
0.06,0.07,0.08,0.09 and 0.1 mVs ~lata voltage window of 2.5-4.25V
using a BCS-805 Biologic battery cycler (Biologic, France).

4.9. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (PEIS) was performed with
a VMP3 potentiostat at a state of charge (SOC) of 50 %. A frequency
range of 10 mHz to 1 MHz (with 7 points per decade readings) was
applied with a 10 mV amplitude. For the data analysis, EC-Lab software
was used for the equivalent circuit model fitting.

4.10. Galvanostatic intermittent titration technique

Galvanostatic intermittent titration technique (GITT) was performed
by charging and discharging NMC622 half cells with applied identical
pulses at C/10 for 15 mins and followed by a relaxation period of 3 h.
The diffusion coefficient, D, was calculated by a modified equation [65]
based on Weppner and Huggins’s work [66].

Y CAANEAY
ar\ S AE,

Where 7 is the pulse duration, n,, is the number of moles, V,, is the
molar volume, S is the contact area between the electrode and electro-
lyte, AE; is the linear voltage change when a pulse is applied, AE, is the
change in the steady-state voltages during the relaxation period. Both
the molar volume and contact area are estimated by assuming that
active material particles are perfectly spherical with a radius of 10 um.
The instantaneous voltage change is defined as the IR drop which
comprises two parts: ohmic overpotential (#,,,) and charge-transfer
overpotential (1.;). Therefore, the charge-transfer overpotential (1)
can be calculated by

fcr = IR drop — 7,

The ohmic overpotential (3,,,) can be calculated by the ohmic
resistance (~2.5 Q measured by EIS in this work) multiplied by the
applied current, I. The exchange current density, I, and charge transfer
resistance, R¢r, can be calculated by
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Where R is the gas constant (8.314 J mol 'K ~ 1), T is the temper-
ature (298.15 K), F is the Faraday constant (9.65x10* C mol™1). More
details can be found in [52].

4.11. Rate testing

NMC622 half cells were charged and discharged at different current
densities of 10, 20, 50, 100, 200, 400, 600, 800, 1000 and 10 mA/g for
five cycles at each current density within a voltage window of 2.5 to 4.25
V vs. Li/Li*, using a BCS-805 Biologic battery cycler (Biologic, France).
For charging, constant current-constant voltage (CC—CV) charging was
employed with constant current densities of 10-1000 mA/g and, a
current limit was set as one-tenth of the constant current at a constant
voltage of 4.25 V.

4.12. Cycling testing

NMC622 half cells and full cells were charged and discharged firstly
at 10 mA/g for two cycles and then at 100 mA/g for 500 cycles, within a
voltage window of 2.5 to 4.25 V vs. Li/Li*, using a BCS-805 Biologic
battery cycler (Biologic, France). The same CC—CV charging as
described in the section of Rate Testing was used.

4.13. X-ray CT image processing and electrochemical modelling

The raw CT images were processed using Avizo image analysis
software (Avizo, Thermo Fisher Scientific, Waltham, Massachusetts, U.
S.). A gaussian filter was applied to both images, which provided a
smoother domain for meshing, then the volume of interest (see Figs. 5a
and b was extracted. Ilastik, a machine learning-based, open-source
segmentation software (Berg et al. [67], was used to segment the filtered
image. Finally, Simpleware ScaniP was used to mesh the segmented
images, giving approximately 3.1 and 4.3 million linear tetrahedral el-
ements for structured and unstructured electrodes respectively. The
model is based on a single electrode (half-cell).

The model framework and parameters, as outlined in Boyce et al.
[59], were implemented in the finite element software COMSOL Mul-
tiphysics (v6.1, Sweden). We include a summary of the model frame-
work and material parameters in Supplementary Information Table 1, 2,
3, 4. The Parallel Direct Sparse Solver (PARDISO) was used to solve the
discretised transport and electrode kinetics equations. A segregated
approach was taken, which involved solving the coupled field variables
in a sequential, staggered way. Time stepping was handled using 2nd
order backward Euler differentiation. The electrodes were discharged at
20, 50, 100, 200 and 400 mA g’1 to match the experiments.
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