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Abstract

Subtractive manufacturing

Laser three-dimensional (3D) manufacturing technologies have gained substantial attention to fabricate 3D struc-
tured electrochemical rechargeable batteries. Laser 3D manufacturing techniques offer excellent 3D microstructure
controllability, good design flexibility, process simplicity, and high energy and cost efficiencies, which are beneficial
for rechargeable battery cell manufacturing. In this review, notable progress in development of the rechargeable
battery cells via laser 3D manufacturing techniques is introduced and discussed. The basic concepts and remarkable
achievements of four representative laser 3D manufacturing techniques such as selective laser sintering (or melting)
techniques, direct laser writing for graphene-based electrodes, laser-induced forward transfer technique and laser
ablation subtractive manufacturing are highlighted. Finally, major challenges and prospects of the laser 3D manufac-
turing technologies for battery cell manufacturing will be provided.
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1 Introduction

Electricity has been a bloodline of modern society
and one cannot think of our life without it. Electric-
ity is produced at centralized power plants with various
energy sources, such as fossil fuels and renewable energy
sources, and then delivered to consumers. This network
is often referred to as the electric power grid, and the
use of electronics for our daily lives used to strongly rely
on the electric power grid until rechargeable batteries,
particularly lithium (Li) ion batteries, were commercial-
ized by the Sony and Asahi Kasei teams led by Nishi in
1991 [1]. The Li-ion battery is a contemporary example
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of a rechargeable battery that revolutionized our lives
by enabling the use of portable electronics such as cell
phones, laptops, and power tools without a power cable.
More recently, the market of rechargeable batteries has
expanded from small mobile electronics into larger appli-
cations such as electric transportation and energy storage
systems for power grids, and rechargeable batteries have
been regarded as a major contributor to a fossil fuel-free
future. However, the emerging applications require sig-
nificantly improved energy and power density, fast charg-
ing capability, and excellent safety with affordable cost,
which is unlikely fulfilled by the conventional rechargea-
ble batteries such as Li-ion and nickel metal hydride cells.
For this reason, enormous research effort has still been
dedicated to developing advanced rechargeable batteries.

Rechargeable batteries are generally composed of one
or more electrochemical cells which store electrical
energy in the form of chemical energy (charging the bat-
tery) and convert the chemical energy back to electricity
when the battery is being used. In the electrochemical
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cells, two electrodes with different chemical potentials are
electronically insulated but ionically connected through
an ion reservoir called electrolyte, which may be a liquid,
gel, or solid. The electrode with lower potential is often
called the anode and the electrode with higher poten-
tial is referred to as the cathode in the battery industry.
Although the definitions of the anode and the cathode
are slightly different from those in traditional electro-
chemistry, they are generally accepted by the users of
rechargeable batteries, so they will be used in this review.

The theoretical maximum energy storage capability of
the rechargeable cells (Wh/kg or Wh/L) is determined
by operating voltages (V) and capacities (Ah/kg or Ah/L)
of the anode and the cathode. However, experimentally
measured performance of the rechargeable cells is gen-
erally deviated from their theoretical maximum because
physicochemical, electrical, and topological terms of the
battery cell components can slow down electrochemi-
cal reaction kinetics, decreasing capacity or operating
voltage of the rechargeable cells. To minimize the gap
between theoretical maximum and practically obtainable
performance of the battery cells, a remarkable advance-
ment in the materials development has progressed by
discovering new functional materials or modifying mate-
rials’ physicochemical and electronic properties. The
advancement in material development will not be dis-
cussed in this review, but there are many review articles
available [2-11]. While the development of functional
materials is still necessary, significant effort into the
structural design of the battery cell components needs to
be dedicated in order for the rational design of electrode/
electrolyte interface that is favorable for fast electro-
chemical process. For example, the conventional Li-ion
cells employ porous and multi-component electrodes
consisting of an active material and functional additives
such as an electronic conductive carbon and a polymeric
binder. When the Li-ion cell is assembled, liquid electro-
lyte is injected into the electrodes and fills the internal
pores of the electrodes. The interconnection of the elec-
trolyte-filled pores serves as an ion transport pathway
while the interparticle connection serves as an electron
transport pathway, implying that the microstructure of
the electrode that determines electronic and ionic path-
ways should play a key role to improve electrochemical
performance of the rechargeable cells [12].

Among electrode fabrication methods, the slurry-based
wet processing has been widely used for the metal ion
rechargeable cells such as Li-ion, lithium/sulfur (Li/S),
sodium (Na) ion, and magnesium (Mg) ion cells that have
actively been investigated for emerging applications [13].
Briefly describing the slurry-based wet fabrication pro-
cess, solid electrode constituents are added to polymer
binder solution and homogeneously mixed to form a
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slurry. The prepared slurry is cast onto a metallic current
collector and dried, which results in a two-dimensional
(2D) electrode film with a porous internal structure. The
thickness of the electrode film can be controlled to some
degree, but the internal pore structure relies completely
on the physicochemical properties of the solid constitu-
ents and the evaporation of the solvent, so they cannot be
precisely controlled. There have been various approaches
to mitigate the drawbacks by optimizing physicochemi-
cal property of the slurry [14—17], slurry drying process
parameters [18-21], and post-processing such as calen-
daring [22-24] and thermal treatment [25-27], but their
effectiveness in electrode microstructure control is obvi-
ously limited.

In addition, one of the biggest challenges in the devel-
opment of next-generation rechargeable cells is to achieve
a much higher specific energy (Wh/kg) than that of the
state-of-the-art of Li-ion cells, which requires thicker
electrodes than that of conventional electrodes while still
maintaining good electrochemical performance. How-
ever, as the electrode thickness increases, the distance
of ion transport from bulk electrolyte to the active mate-
rial near the bottom of the electrode inevitably increases
and it is possible the ionic pathway becomes more com-
plex, resulting in a slow electrochemical reaction rate. To
improve the electrochemical performance of the thick
electrodes, several approaches such as the sacrificial tem-
plate method [28-37] and foam-like structured 3D cur-
rent collectors [38—41] that modify the microstructure of
the thick electrodes have been investigated, and notable
improvements in cell performance were reported. How-
ever, those methods still lack an opportunity to precisely
build the intended microstructure of the electrodes. The
ice-templating methods such as freeze casting technique
[29, 30, 35], and freeze tape casting technique [36, 37]
have shown their excellent ability to build a 3D aligned
microstructure of the electrodes or the solid electro-
lytes. However, some technical difficulties such as long
processing time, the requirement of ultra-high vacuum
for removal of the ice-template, and limited selection of
processing solvent are the practical hurdles that prevent
their widespread applications.

Recently, advanced laser manufacturing methods have
attracted enormous attention because of their excep-
tional ability to fabricate 3D objects with complex net-
shaped geometries. A 3D virtual model of a 3D object
is designed by a computer-aided design (CAD) facility,
and the designed 3D virtual model is then translated
into motion control commands to execute a 3D printing
process. High energy lasers are a popular energy source
for 3D manufacturing because a focused laser beam can
deliver a large amount of energy to the designated micro-
scale focal region and induce a rapid photochemical
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reaction or photothermal phase transformation of print-
ing materials. A photochemical reaction is often initiated
by the dissociation of chemical bonds upon the irradia-
tion of laser which induces subsequent chemical reac-
tion driven by radicals. Hence, it is broadly employed in
organic synthesis or crosslinking of the coated precursor
materials in local area. The photothermal phase trans-
formation utilizes rapid increase of temperature in focal
area which induces oxidation of the precursor materi-
als and thus, it is well adopted in sintering of inorganic
materials or zone annealing. The laser manufactur-
ing technologies enable high-precision 3D printing for
a wide range of materials such as metals, ceramics, and
organic compounds. The absorption characteristics of
a material strongly depends upon the wavelength (near
infrared, visible and ultraviolet radiation) and power level
of the laser. Therefore, appropriate selection of the laser
is necessary for the target material to ensure an efficient
laser manufacturing process [42].

Various types of laser manufacturing methods have
recently been investigated for the manufacturing of
rechargeable cells. Some of the methods used in the bot-
tom-up approach are often referred to as laser additive
manufacturing, while other methods used in the top-
down approach are regarded as laser subtractive manu-
facturing. In the laser additive manufacturing (LAM), a
focused laser beam intends to selectively sinter or melt
material feedstock to build a 3D structure in a layer-by-
layer method, whereas laser subtractive manufacturing
(LSM) aims to selectively remove materials from a work-
piece to create 3D feature without thermal damage to the
surrounding. In this review, we introduce various laser
manufacturing methods that are adopted in electrochem-
ical batteries and discuss their notable achievements.
Lastly, a brief summary and outlook of laser 3D manufac-
turing techniques for rechargeable cells will be provided.

2 Selective laser sintering and selective laser
melting techniques

Additive manufacturing (AM) is a computer-controlled
process in which 3D CAD model of a printing object is
sliced into many layers and built layer-by-layer using a
proper printing tool. As its name implies, AM builds a
3D structure by adding material, opposite of traditional
milling or machining methods, which remove materials
to create a 3D object. Because a 3D object is printed in
a layer-by-layer fashion, AM can construct complex and
hollow internal structures without supporting materi-
als, which is unlikely achieved by conventional manufac-
turing methods. In general, AM techniques used to be
performed for rapid prototyping of structural parts, but
it has recently been investigated for actual applications
such as mass-customized parts, aerospace and biological
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devices, and automotive parts that require common char-
acteristics with complex internal structures.

AM techniques have a significant potential to create a
new paradigm in battery cell manufacturing because of
their ability to construct complex “inner” porous micro-
structure of a 3D printing object. This is a great benefit of
using AM in battery cell manufacturing because rational
design of 3D porous microstructure of the battery cell
components such as electrodes and solid electrolytes is
a key strategy to improve performance and reliability of
the battery cells. Among various AM techniques such as
inkjet printing [43—45], stereolithography [46—48], mate-
rial extrusion [49, 50], powder bed fusion (PBF) [43, 51,
52], directed energy deposition (DED) [53, 54], direct
laser writing (DLW) for graphene patterns [55, 56], and
laser-induced forward transfer (LIFT) [57, 58], we will
focus on laser-based AM techniques that build 3D struc-
tures of printing objects using photothermal or photo-
chemical effect of laser light. Research papers that adopt
selective powder processing methods will mainly be
reviewed in this section and some other LAM techniques
will also be discussed in the following sections.

PBF and DED are two powerful and versatile AM tech-
niques that are applicable to powder-based manufac-
turing systems in industry. Lasers are one of the most
popular energy sources for the PBF and the DED tech-
niques because the highly focused and spatially coherent
laser beam irradiation enables efficient and area-selective
melting or sintering of applied powder materials. The
PBF and the DED can construct complex and novel 3D
solid geometry in a layer-wise fashion, but their meth-
odologies to build 3D structures are different. In the PBF
method, a layer of powder is supplied onto a base plate
and a focused laser beam translates onto the layer of the
powder to selectively sinter or melt the powder along the
path defined by a 3D CAD model. Then, the baseplate
moves downward, and new layer of the powder is sup-
plied onto the previously lasered powder bed. The 3D
object is printed by repeating these steps, and unused
powder can be collected and reused (Fig. 1a). Depending
on whether the powder is sintered or completely melted,
the PBF is often referred to as selective laser sintering
(SLS) or selective laser melting (SLM), and a wide range
of materials such as polymer, ceramic, or metals can be
used for PBE. On the other hand, in the DED process, a
nozzle head consisting of laser optics and a powder (or
wire) delivery nozzle is mounted on a multi-axis arm
(typically with 4 or 5 axes of freedom) which allows the
nozzle head to freely move and deposit the materials
from any angle (Fig. 1b). In comparison with the DED,
the PBF can manufacture relatively complex geometry
with high resolution, but printing size is rather limited.



Moldovan et al. Nano Convergence (2021) 8:23

Page 4 of 16

additive manufacturing process [53]

Fig. 1 a Schematic illustration of powder bed fusion additive manufacturing process [59]. b Schematic illustration of directed energy deposition
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Direct metal laser sintering (DMLS) is one of branded
names for a metal SLM technique and was adapted
by Ibrahim et al. to fabricate a 3D porous and scaffold
structured stainless steel (SS) 316L electrode for metal/
air cells [60]. The work aimed to develop 3D porous SS
316L electrode with large surface area and porosity to
promote the electrochemical properties of SS 316L elec-
trodes. They performed the DMLS process systematically
and fabricated 25 cylindrical samples with varying laser
power (30 W to 90 W) and scan speeds (300 mm/s to
1500 mm/s). The characterization results of the prepared
SS 316L cylinders demonstrated that the porosity of the
SS 316L cylinder increases with lower laser power and
higher scan speed, while too low of laser power and too
fast of a laser scan resulted in little to no sintering effect.
The DMLS process with too high of a laser power and
slow scan speed led to complete melt of the SS 316L pow-
der and produced the highly dense SS 316L cylinders,
which is not desirable for the use as battery cell elec-
trodes. The authors suggested that laser parameters need
to be optimized thoroughly for a preferable degree of
partial powder melting that result in the desired porous
structure of the SS 316L cylinder.

The SLS 3D printing was employed to fabricate highly
porous graphite/polymer composite electrodes [61].
Mixtures of electronically conductive graphite powder
and polymer supporting matrix such as polyamide-12,
polystyrene, or polyurethane powder were used for the
SLS process and the content of graphite powder in the
powder mixture was varied from 5 to 40 wt.% to find

out optimal composition that balances electronic and
mechanical properties of the printed electrode. During
the SLS process, a mechanically flexible solid structure
containing homogeneously distributed accessible voids
and graphite particles was built by sintering or partially
melting the polymer supporting matrix powders. It was
demonstrated that the graphite concentration, polymer
matrix, porosity, and the SLS processing parameters are
all very influential in the conductivity of the fabricated
electrode. The author claimed that the SLS 3D printing
technique enables fine-tuning of the mechanical param-
eters of the printed electrode by altering the selection of
supporting polymer matrix, and the SLS process param-
eters and printed electrodes are suitable for use in redox
flow cells.

Recently, developing a new Li-ion cathode with a
rational 3D electrode microstructure has been one of the
major challenges to improving specific energy and power
capability of the Li-ion cells [62-64]. Schoenung and
coworkers attempted to adopt the ceramic SLS technique
using a laser engineered net shaping (LENS) system,
which is one of the popular tools for the DED process
[64] where a custom powder bed setup is equipped with
the LENS system and performed a PBF-like process.
Standard powder bed layer thickness of 100 pm was used
for each laser beam scanning to fabricate 3D lithium
nickel cobalt aluminum oxide (NCA) cathodes without
any additives. A parametric single-track study was per-
formed first to refine the SLS process parameters (volu-
metric laser energy density and laser beam diameter) and
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the optimum process parameters where the crack and the
discontinuity were minimized were selected for 3D man-
ufacturing of the NCA cathodes. Although electrochemi-
cal evaluation of the 3D printed NCA electrodes was not
performed, this work revealed important information in
regard to microstructure change and crystallographic
transformations of NCA compounds present in the 3D
printed NCA cathodes.

Based on our paper search, the PBF and the DED tech-
niques have rarely been investigated for rechargeable
cell components compared to other AM techniques in
spite of their great advantages. However, the concept of
the SLS (or SLM) process has been employed in various
approaches, and those techniques are often referred to
as direct laser writing (DLW). Iwabuchi et al. attempted
to fabricate a thick and porous silicon-carbon nanofibers
composite (Si-CNFs) anode for Li-ion cells using waste Si
powder collected from Si wafer manufacturing [65]. The
wet slurry composed of Si powder and CNFs dispersed
in N-methylpyrrolidone (NMP) was prepared without a
polymer binder and was cast onto a Cu current collector.
Then, laser irradiation experiments were performed onto
the cast film at various scan speeds to form a mechani-
cally stable Si-CNF film by the SLS of the Si powders.
The Si-CNF anode was not electrochemically evaluated
in this paper, but the characterization results discovered
two things: polycrystalline Si particles tend to be trans-
formed to single crystal-like crystal structure after laser
beam scanning, implying thermal annealing of the Si par-
ticles; a faster scan speed forms more micropores. More
investigation on physicochemical properties and electro-
chemical behaviors of the Si-CNF electrodes are required
to conclude optimum SLS process parameters for the Si-
CNF electrodes, but this approach shows a new opportu-
nity to manufacture binder-free Si anodes for Li-ion cells.

A two-step manufacturing process consisting of the
extrusion 3D printing and the SLS techniques was devel-
oped by Yu et al. and used to fabricate a 3D aluminum
(Al) anode for Al/air cells [66]. The 3D structure of the
Al anode was built on an Al foil via the extrusion 3D
printing process using highly viscous slurry composed of
75 wt.% of Al active nanoparticles and 25 wt.% of terpin-
eol and ethyl cellulose mixture as a carrier. The high con-
tent of the organic carrier in the slurry was required for
good printability in the extrusion process, but negative
contribution of the electrically inactive component to the
electrochemical behavior of the Al anode was concerned.
To resolve the issue, the electronic conductivity of the
3D printed Al electrode was improved by the SLS pro-
cess, which removes the organic carriers and sinters the
Al nanoparticles in the electrode film through the pho-
tothermal method. Various laser powers from 3 to 20 W
were tested and it was discovered 10 W was the optimal

Page 5 of 16

laser power because the film lasered at 10 W sufficiently
removed the organic carrier while the Al nanoparticles
were sintered well without evidence of serious ablation
or agglomeration. The Al electrode fabricated at optimal
laser power of 10 W showed the most promising electro-
chemical performance in the Al/air cell with 239 mAh/g
discharge capacity at 0.95 V whereas a non-sintered
anode sample exhibited only ~2 mAh/g.

In this section, the two representative LAM methods,
the PBF and the DED techniques were briefly introduced,
and the recent works relevant to those techniques were
discussed. Although the abovementioned works are still
at early-stage of research, they have shown their ability
to fabricate 3D structured electrodes with conventional
electrode materials such as graphite, Al, and NCA. There
is no doubt that their ability for rapid manufacturing of
complex 3D structures with little to no assistance of addi-
tional materials is unique, but substantial research effort
is still required to successfully adopt these technologies
to battery cell manufacturing processes.

3 Direct laser writing for graphene electrodes
DLW is an emerging technique in battery research owing
to its high fabrication preciseness, rapid production
capability, scale-up potential, and incorporating flexibil-
ity with other manufacturing techniques, which enables
making 3D features on a substrate precisely without the
complicated requirements of chemical reagents or pro-
cessing conditions (e.g., masking). DLW refers to various
laser manufacturing techniques comprehensively, includ-
ing LSM, LAM, or other selective photochemical device
modifications. DLW has been a powerful tool for many
electronic industries, and it has recently gained increas-
ing attention from researchers for the applications that
desire 3D patterns of conductive materials formed on
various substrates.

Carbonaceous materials play an important role in
both commercially available rechargeable cells and next-
generation cells under development because of their
excellent electrical conductivity, large surface area, low
material cost, and good compatibility with other com-
ponent materials. Recently, graphene, a single or a few
layers of a 2D honeycomb lattice of carbon atoms, has
been regarded as a promising electrode material for next-
generation rechargeable cells because of its extraordinary
electronic and mechanical properties along with its large
surface area [67—-70]. Studies on graphene anodes for Li-
ion cells that reported dramatic improvement in specific
capacity of the Li-ion cells have been performed [70], but
the technical difficulty of handling the graphene powder
due to its low material density and undesirable poor Cou-
lombic efficiency of graphene anodes caused by its large
surface area needs to be overcome for practical use.
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Despite the disadvantages of the graphene, it is still
worthwhile using the graphene in the battery electrode to
improve the electrochemical reaction rate, and the DLW
technique has been investigated to open up new oppor-
tunities for the efficient processing of graphene [71-75].
There are two approaches to fabricate graphene elec-
trodes using a laser: laser reduced graphene (LRG) pre-
pared by laser thermal reduction of graphene oxide [72];
laser induced graphene (LIG) directly graphitized from
raw materials such as polyimide (PI), polyetheretherke-
ton (PEEK), and carbohydrates via laser photothermal
conversion of sp3-carbon atoms to sp2-carbon atoms [71,
73]. The 3D structured LIG can simply be fabricated by
a one-step graphitization process of the polymeric pre-
cursors and the entire polymer film is often converted
to the highly porous graphene (Fig. 2), but the selec-
tive graphitization of the polymer layer can also be per-
formed to create graphene patterns on the electrode. The
LRG method tends to be more complicated than the LIG
method because it requires a multiple-step process con-
sisting of graphene oxide synthesis, graphene oxide film
coating, and reduction, but either fabrication techniques
can be chosen depending on the substrate material, the
fabricate condition, or chemical compatibility [76].

Recently, many interesting studies adopted the DLW to
fabricate the 3D structured graphene electrodes for vari-
ous rechargeable cells [70, 74—80]. Ren et al. reported a
bifunction Co;0,/LIG catalyst for improved oxygen
reduction reaction (ORR) and oxygen evolution reac-
tion (OER) in metal-air batteries [78, 80]. In the paper
[80], the Co;0,/LIG catalytic electrode was prepared by
the DLW method, and a brief description of the fabrica-
tion procedure is as follows: a Co(NOs), precursor solu-
tion was dropped into the LIG film on the PI substrate
fabricated by the DLW technique and lased again under
the same laser operation conditions to convert Co(NO;),
to Co;0,. Because graphene [81] and first-row transition
metal oxides are known to be promising alternative mate-
rials to expensive noble metal catalysts, the authors aimed
to develop noble metal-free bifunctional electrocatalysts
by incorporating both materials in a catalytic electrode
using the DLW method. The Co;0,/LIG composite cat-
alyst showed a high-power density of 84.2 mW/cm? at
100 mA/cm? in the Zn-air cell, which is attributed to their
good electrocatalytic activity. Ren et al. developed another
promising bifunctional OER/ORR catalyst consisting of
MnNiFe/LIG using the DLW technique [78]. The promis-
ing performances of MnNiFe/LIG catalytic electrode with
areal capacity of 26.3 mAh/cm? at 2.0 V and reversible
cycling performance of >100 cycles with a cutoff capacity
of 0.4 mAh/cm? was demonstrated in Li-O, cells without
the presence of a redox mediator [78].
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Fig. 2 Schematic illustration of a the photothermal process

within the laser writing of graphene electrode; the inset image
demonstrates the thermal breaking between C and O-H bonds. b
The photochemical process within the laser writing of graphene
electrode; the inset image demonstrates the photon induced
disassociation of band between C and O-H. ¢ The laser induced
forward transfer of graphene based on the roll-to-roll production with
a polyimide film [76]

Zhang et al. fabricated a binder-free 3D LIG film
anode adhered on the Cu foil using the DLW technique
performed at N, atmosphere. The DLW process at N,
atmosphere leads to nitrogen doping of 3D LIG film that
improves the surface wettability and electronic conduc-
tivity of the LIG film [77]. The prepared nitrogen-doped
LIG electrodes were tested as the anode for a Na ion cell
showed promising electrochemical performance with
a high specific capacity of 425 mAh/g at 0.1 A/g while
most of the carbon-based anodes exhibit ~400 mAh/g or
below. Rate of capability and cycle stability of the nitro-
gen-doped LIG electrode was also improved which are
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attributed to the improved electrolyte permeability and
electronic conductivity of the electrode, and the best cell
performance was obtained when the PI film was com-
pletely converted into the LIG.

The DLW method also showed effective electrode mod-
ification for a Li metal anode for high energy Li metal
rechargeable cells. The biggest challenge of the Li metal
anodes is an uncontrollable formation and growth of den-
dritic Li that can short-circuit the cell, causing cell death
or possibly leading to a fire [82—84]. Yi et al. reported
an interesting study on the stabilization of the Li metal
anode by regulating the Li nucleation and deposition
kinetics with the LIG [85]. They designed a 3D-hierar-
chical composite electrode composed of a copper current
collector, a pillared array of flexible PI, and the porous
LIG on the walls of the PI pillars; namely, LIGHS@Cu
was prepared by the DLW process. High Coulombic effi-
ciency of &~ 99% at 1 mA/cm? with a long cycle life of
over 400 h (corresponding to 200 galvanostatic cycles)
was achieved in the Li/LIGHS@Cu cells whereas the Li/
bare Cu cell was dead after about 50 cycles. The authors
claimed that the improved stability is mainly attributed
to the high number of defects and heteroatoms in the
LIG that significantly lowers the Li nucleation barrier
compared to the conventional Cu foil. Another approach
to stabilize the Li anode was reported by Chen et al., who
developed a laser-induced silicon oxide (Li-SiO,) layer
which was derived from a silicone-based adhesive mate-
rial of commercial PI adhesive tape [86]. It was demon-
strated that the Li-SiO, film on the Cu current collector
successfully suppressed the formation of dendrites, and
delivered 99.3% higher Coulombic efficiency compared
to bare electrodes, and improved cycle life by three times
in the Li-SiO,-Cu/LiFePO, cells relative to the uncoated
Cu-LiFePO, cells.

The lithium/sulfur (Li/S) cell is another emerging Li
rechargeable cell system for high specific energy applica-
tions due to its outstanding theoretical specific energy of
2600 Wh/kg, which is about 4-5 times larger than con-
ventional Li-ion cells [8, 87, 88]. There are several tech-
nical challenges that prevent commercialization of Li/S
cells and polysulfide (Li-PS, Li,S,, x=4-8) shuttling
effect is one of the major challenges to overcome. Li-PS
that is highly soluble in most liquid electrolyte forms and
diffuses out from the S electrode during the cell cycling
and the Li-PS diffused to the Li electrode is deposited
onto the Li metal surface as Li,S, which causes substan-
tial degradation of durability and reliability of the Li/S
cells. Alhajji et al. developed a freestanding LIG inter-
layer using the DLW method and the LIG interlayer was
placed between the Li metal anode and S cathode to sup-
press diffusion of Li-PS towards the Li metal anode [79].
The Li/S cell with the LIG interlayer exhibited a high
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specific capacity of 1160 mAh/g with stable capacity
retention (80.4%) over 100 cycles while majority of other
works report capacity retention less than 80% after 100
cycles.

In summary, the DLW techniques have widely been
employed for the fabrication of various graphene-based
battery cell components such as active electrodes, cata-
lysts, interlayers, and functional coating layers. The sim-
ple and cost-effective DLW process has shown great
potential to create functional graphene 3D structure and
the rechargeable cells with the 3D LIG exhibited sig-
nificant improvement in cell performance. Most works
focused on the conversion of precursor layers into gra-
phene; however, there is a lack of thorough investigation
on chemical and crystallographic structures and mor-
phology of the synthesized graphene, which are also very
influential in electrochemical behavior of the recharge-
able cells.

4 Laser-induced forward transfer for rechargeable
cells

Inkjet printing is one of the most extensively studied
droplet-based direct ink writing techniques to fabricate
3D printed electronic devices. The technique enables
the printing of electronic materials with ~ 20 um resolu-
tion and the micropatterns are easily programmable [89].
Compared to other vacuum-based deposition methods
(e.g., photolithography or chemical vapor deposition), the
inkjet printing has substantial advantages in the cost-effi-
ciency, scalability, and versatility. In recent years, some
functional materials were adopted as an ink material for
the inkjet printing (e.g., graphene), imparting additional
functionality to the printed devices [90]. However, the
ink material is often limited by its rheological properties,
excluding several promising functional materials, e.g.,
carbon nanotubes or nanowires [91].

LIFT is a direct printing technique using a sacrificial
donor film (Fig. 3). The LIFT reserves the advantages of
the inkjet printing technique while the transferring mate-
rials are less limited by the rheological properties of the
ink. Thus, the forementioned functional materials can
readily be printed on various substrates (solid or flexible
support) without a rheological consideration. LIFT typi-
cally utilizes a pulsed laser beam which is focused on a
thin film of the ink (donor film) to subsequently form a
liquid jet and then an ink droplet propagates away from
the donor film. A receiving substrate is placed facing
the donor film and the ink is directly transferred to the
surface of the receiving substrate, collecting the ejected
droplet (Fig. 3). In contrast to DLW, LIFT does not
involve chemical modification of the transferred mate-
rial. The fundamentals and applications of LIFT is well
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reviewed elsewhere [58]. Here, we limit our scope to the
applications of LIFT to energy storage devices, especially
rechargeable batteries.

Several works have been reported on LIFT to transfer
electrode materials on a metal-based current collector
surface to generate microbatteries. Wartena and cowork-
ers used LIFT to print composite powders of electrode
materials, i.e., LiCoO, mixed with carbon and binders for
the Li-ion cathode, and a composite of carbon and binder
for the Li-ion anode, onto laser-micromachined metal-
foil current collectors (Cu and Al) [92, 93]. It was revealed

that the LiCoO, transferred by LIFT exhibits the pre-
ferred crystallographic orientation of the particles in the
(003) direction relative to non-laser transferred materi-
als. While the laser energy does not alter the preferred
orientation, the number of passes and transfer distance
both have a significant influence on the texture. [94] The
fabricated half cells and packaged microbatteries demon-
strated capacities of ~100 mAh/g, which are compara-
ble to the capacities of stenciled and pressed electrodes.
The electrodes prepared by LIFT are not sintered and
thus the volumetric capacity of the electrodes is lower
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than those reported for sputtered thin film microbatter-
ies. One strategy to overcome this is to make the elec-
trodes thicker to deliver the same amount of charge as
the sputtered and sintered electrodes. Indeed, Kim et al.
laser-printed a thick-film LiCoO, and carbon electrodes,
and the electrodes are ionically connected through gel
polymer electrolytes. The laser printed microbatteries
exhibited an order of magnitude higher areal capacity
of ~2586 mAh/cm? than that reported for the sputter-
deposited thin-film microbatteries (~160 mAh/cm?)
[95]. Arnold et al. demonstrated the production of planar
alkaline microbattery cells by LIFT printing Zn anodes
and Ag,O cathodes in planar configurations and used
laser micromachining to ultimately shape the deposited
materials into the microbattery cells [96]. The alkaline
microbattery cells exhibited high areal capacity of 270-
450 mAh/cm? which is greater than Li microbatteries
(~155 mAh/cm?) [97] and comparable with the nickel-
zinc alkaline microbatteries (389 mAh/cm?) [98].

A notable advantage of LIFT that has not yet been
discussed is that the active materials can be transferred
without employing organic solvents. Rosenberg et al.
reported the LIFT transfer of MnO,, which were pre-
pared to be used as a catalyst for Na/air cells [99]. Instead
of using organic solvents, a photosensitive polymer, i.e.,
triazene polymers (TP), was used as a dynamic releas-
ing layer (DRL). Upon a UV laser irradiation, the pho-
tosensitive TP decomposes into gaseous fragments,
releasing the active material to be transferred to the
current collector substrate. The electrochemical char-
acterization of sodium-air cell exhibits a high specific
charge (~2000 mAh/g) and high retention rate (85%
after 55 cycles) compared to cells prepared by traditional
wet methods. Constantinescu et al. pre-synthesized
2D-arrays of carbon nanowalls (CNW) and subsequently
transferred the as grown CNWs onto a flexible polyimide
sheet without solvent [100]. Raman spectra revealed that
the vibrational band structure was preserved after the
LIFT printing, indicating that the high structural fidel-
ity of the printed materials to the as-grown donor film.
The result promises LIFT can be an effective technique
to prepare electrode materials on a flexible substrate
that can potentially be adopted in flexible batteries. Li
et al. additively deposited synthesized graphene flakes
onto nickel foam using the LIFT technique [101]. Then
the deposited graphene layer was post-annealed by laser
scribing to enhance the lattice matching between the
extended basal plane of graphene and Ni (111). The LIFT
transferred and post-treated electrode demonstrated
high electrical conductivity, high retention rate and large
areal specific capacitance, and power density.

Despite its great simplicity compared to other deposi-
tion techniques, there are efforts to optimize the LIFT
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process to enhance cost-effectiveness and versatility.
Sopena and coworkers used continuous wave (CW-
LIFT) instead of pulsed lasers, which allows a reduction
in the cost of the printing system [91]. While the pulsed
wave LIFT prints rasterized pixels, the CW-LIFT ena-
bles printing of continuous line and printing is well opti-
mized at lower laser power (1 W) than conventionally
used regime. They printed Ag nanoparticles and carbon
nanofibers (CNF) on various substrates (i.e., glass, poly-
imide, and paper) and demonstrated that the conductive
lines can be printed in continuously.

In summary, LIFT is a powerful transfer technique to
print functional materials on various substrates without
many limitations on the choice of ink materials or sub-
strates. LIFT can deposit active electrode materials on
solid or flexible substrates without chemical modification
and lithium or alkaline microbatteries can be success-
fully fabricated. The cost-effectiveness and nozzle-free
features make LIFT a viable technique for micropat-
terning. However, challenges are present, e.g., process
modeling and optimization, and long-term stability of
LIFT-printed objects that need to overcome to make this
technology more prevalent.

5 Laser ablation subtractive manufacturing

LSM is a type of manufacturing that shapes an object in
3D via material removal processes using a focused laser
beam and the laser beam toolpath is generally driven by
computer numerical control (CNC). Similar to LAM,
LSM has been very popular to fabricate prototypes or
end-use parts that require tight tolerances and geom-
etries that are not easy to be manufactured by traditional
casting and molding methods. Although LAM offers
the better capability to construct more complex shapes
and hollow internal structures, LSM is generally more
flexible in the selection of materials and size of objects
they can work with and can achieve a better finishing
than LAM without post-processing. As opposed to LAM,
LSM creates microfeatures of materials by removing the
material in local areas where a focused laser beam is irra-
diated. During the LSM process, a focused laser beam
penetrated an object’s surface and generates heat upon
the interaction of high-power radiation with materi-
als, resulting in vaporization of the materials [102]. The
vaporization process is often referred to by a few differ-
ent terms such as laser ablation, laser vaporization, laser
etching, and laser sputtering, and we will refer to the term
‘laser ablation’ in this paper. A pulsed laser that turns on
and off extremely quickly, in the order of up to femtosec-
onds, is widely used for laser ablation techniques because
it can ablate the materials within the region of interest
with almost negligible thermal damage to the surround
area. Lasers operated at different wavelengths should
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be used as appropriate for the material being irradiated
and the processing parameters such as laser power, pulse
time, and translation speed are adjusted to optimize the
final product. The laser ablation technique is often used
to cut the workpiece or to create linear patterns on the
objects, but it can also create a 3D structure using mul-
tiple beams or a layered approach to build the structure.

One of the most popular device processing technolo-
gies that uses the laser ablation method is the pulsed
laser deposition (PLD) technique. PLD uses a laser
aimed at a target material to evaporate it into a plasma
plume, which rises and deposits on the substrate to form
a thin film. PLD has been intensively investigated for a
wide range of applications and there are many scientific
research articles reported about the PLD technique to
fabricate thin film battery electrodes. Since this review
mainly focuses on the 3D manufacturing approaches to
design more complex microstructures of the battery cell
components, we will not review the PLD technique, but
there are good review articles written by other research-
ers [103-108].

Besides PLD, the laser ablation method has been used
for cutting conventionally fabricated electrode sheets
into a desired size or shape [109-112]. In the battery
cell manufacturing process, the fabricated electrodes are
mechanically cut to size using a die cutter and stacked
with other cell components. One issue associated with
the mechanical cutting process of the electrodes is the
delamination of the electrode film or the creation of burr
on the cutting edge, which can cause an undesired degra-
dation of the electrochemical durability of the recharge-
able cell [110]. Significant effort for the cutting tool’s
maintenance is often required for reliable electrode man-
ufacturing because the die cutter can eventually warp out
of shape. In contrast to the conventional mechanical cut-
ting process, laser ablation cutting can result in a much
smoother and cleaner cutting edge of the electrodes, so
the negative impact caused by the electrode cutting pro-
cess can be minimized. Excellent design flexibility and
rapid processing time of the laser ablation cutting are
also great benefits for the electrode manufacturing [109—
112]. Lutey et al. investigated the laser cutting method on
Li iron phosphate (LiFePO,, LFP) cathodes and graphite
anodes for the Li-ion cells with varying over 12 discrete
parameter groups in order to optimize the laser cutting
process parameters [110]. Their results demonstrate that
the pulsed lasers were preferable over continuous wave
lasers because the continuous wave laser exhibits less
ablation depth with larger thermal damage to the LFP
film. Because the light absorption efficiency of materials
largely depends on the physical properties of the materi-
als, the laser ablation process for multi-component lay-
ers like battery electrodes consisting of an electrode film
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and a metallic current collector could be complicated.
The results in the paper suggest that the laser parameters
should be optimized with respect to metallic current col-
lectors for high cutting efficiency and good quality of the
electrode cutting edge.

Although the laser cutting process showed promis-
ing opportunity to advancing the electrode manufactur-
ing process, laser electrode cutting does not fully utilize
the excellent capability of the laser ablation method in
precision and selective manufacturing. The surface mor-
phology modification of the electrode via the laser abla-
tion technique is an interesting approach in this regard
because it can create a low tortuous pore network at the
surface of the electrode film, which not only enlarges the
surface area of the electrode but also improves the elec-
trolyte permeability and ion transport kinetics through
the electrodes [113-118]. Kohler and his coworkers
reported a series of experiments [119-128] which inves-
tigated laser-assisted microstructures for Li-ion cell elec-
trodes. In one of their reports, a carbon coated silicon
core—shell (Si@C) electrode was fabricated using the
conventional tape casting method and the 3D structure
was created by the laser ablation technique [128]. To mit-
igate the mechanical pulverization issues of Si electrode
caused by a huge volume change of Si particles during
the cycling [129], the 3D ablation technique is performed
on Si@C electrodes to form a laser-ablated pattern that
accommodates the volume change of the Si particles
(Fig. 4a). The 3D Si@C electrodes were successfully fab-
ricated with optimized laser ablation processing param-
eters and the morphology of the 3D Si@C electrode is
shown in the SEM image (Fig. 4b). The electrochemical
evaluation results verify the dramatic improvement of
the 3D patterned Si@C electrode in rate performance at
all tested current densities (Fig. 4c) and structural sta-
bility of the electrodes during cycling compared to the
unstructured Si@C electrode. The improved high rate
capability of the 3D Si@C electrode is attributed to the
3D pattern of the Si@C electrode which not only pro-
motes fast Li ions transport through the Si@C electrode,
but also suppresses mechanical fracture of the electrode
by accommodating the volume change of the Si particles.

While the 3D laser ablation techniques have also been
investigated for metal oxide Li ion cathodes, it was found
that the laser ablation process can result in annealing of
the metal oxide active materials [119, 122, 130-132]. In
the previous work performed by Kohler et al.,, a LiCoO,
(LCO) thin film was deposited onto a stainless-steel
substrate by R.F magnetron sputtering and the surface
of the LCO thin film was modified by pulsed laser irra-
diation [119]. While the cone-shaped periodic surface
structures that increases surface area of the LCO cathode
were produced as a result of the laser irradiation onto the
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LCO thin film cathode, the crystal structure of the LCO
film also changed from rock salt structure to the electro-
chemically favorable layer-structure. The electrochemical
behavior of the LCO thin film electrode was dramatically
improved with approximately 1.7 times higher specific
capacity than that of the as-prepared LCO thin film elec-
trode at C/4. The results also discovered that the higher
annealing degree of the LCO film can be obtained at
higher laser energy density though too high of a laser
energy density can destroy the cone-shaped electrode
surface. Therefore, it was suggested that laser energy den-
sities need to be adjusted thoroughly to create 3D surface
structure with desired crystal structure [119].

Additional investigations were performed at different
annealing temperatures in heat-affected-zone by adjust-
ing laser power of up to 50 W [131, 132]. The tempera-
ture in the range of 200-700 °C was measured in the
heat-affected-zone using a pyrometer in-situ during the

laser ablation process, and the electrode that was laser-
annealed at 400 °C showed the most enhanced specific
capacity which is about 4-6 times higher than that of
the unstructured electrode at C/1.25 over 350 cycles.
The authors emphasized that the laser annealing process
takes only about 10 min while the conventional furnace
annealing generally requires a long processing time of
20-60 h, which is a great benefit for time- and energy-
efficient electrode manufacturing.

A similar laser ablation structuring concept was imple-
mented by Proll and his coworkers for a Li nickel man-
ganese cobalt oxide (Li(NiMnCo)O,, NMC) cathode that
is regarded as a cost-effective high-energy-density cath-
ode for the Li-ion cells [130, 133]. In the paper [133], they
fabricated the thick NMC cathode using a conventional
tape casting method and then created 3D architectures
using the laser ablation method. The laser 3D struc-
tured NMC electrode showed approximately 10% higher
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specific capacity that the conventionally fabricated NMC
electrode in a pouch cell over 1000 cycles, which is due
to better electrolyte permeability of the laser structured
NMC electrode than the unstructured NMC electrode.
A similar investigation on laser-engineered thick NMC
cathodes was performed by other researchers [117] with
different electrode thicknesses and porosities, from 100
to 210 um and 26% and 50%, respectively. In the similar
trend as observed for the Préll's work [133], where the
laser-structured NMC electrode shows the improved cell
performance, it should be noted that the capacity differ-
ences between the laser-structured NMC electrode and
the unstructured NMC electrode became more signifi-
cant at higher test rates. These results were supported by
improved Li-ion diffusivity and lower cell polarization
of the laser-structure thick NCM electrode measured
experimentally, which is mainly attributed to the uni-
formly aligned 3D micro-groove structure of the laser-
structured NMC electrode.

One other way to use the laser ablation technique is to
create a dotted pattern across the surface of electrodes
[113-115]. The dotted patterns on the electrodes work
the same way as the pore channels created by the linear
translation of the focused laser beam do, but the dotted
laser scanning can be more cost-efficient since it may
remove less amount of materials than linear laser scan-
ning. In the paper reported by Habedank et al. [114], the
dotted patterns were created by the laser ablation onto a
graphite anode and the laser-structured graphite anodes
were found to deliver 20% higher discharge capacity at
2C or higher rates compared to the unstructured graph-
ite anode. The authors also discovered high laser peak
fluence with a single laser scanning to be more effective
at ablating the graphite anode as repetitively using high
pulses could damage the anode and degrade cell perfor-
mance [114]. This work was followed by another experi-
ment that studies the effect of laser-structuring on the
electrolyte permeability of the graphite anodes [115].
Using in situ neutron radiography, they proved that the
laser-structured graphite anode with low porosity (30%)
in a pouch cell could be wet up to 100% in about 15 min,
while the unstructured graphite anode with the same
porosity, as well as the graphite anode with even higher
porosity of 40%, took several hours to wet. This finding
emphasizes that the laser ablation technique can reduce
the production costs of the Li-ion cells by shortening the
time for cell manufacturing. Kim et al. also illustrated a
possible new concept of the roll-to-roll electrode fabrica-
tion process that integrates a laser ablation step after the
calendaring process [116]. They claim that the technical
barrier to integrate the laser ablation in the roll-to-roll
electrode fabrication process is not high, since the laser
ablation technique has been already used in wide range of
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industries and it would not need any additional materi-
als for the process. In the paper, they performed galvano-
static polarization interrupt test for the laser structured
graphite anodes and showed that the pore channels with
low tortuosity created by the laser ablation technique can
promote transport kinetic of Li-ions.

In summary, various approaches that use laser ablation
techniques to engineer battery electrodes were discussed.
The laser ablation techniques have proved their ability to
create 3D microstructure while suppressing damages to
the surroundings. The improved cell performance was
demonstrated for various electrodes for Li-ion cells and
especially the high-rate performance of the laser-struc-
tured electrodes is very impressive. It was suggested that
the improved high-rate performance of the laser-struc-
tured electrodes was attributed to high surface area and
low tortuosity and improved electrolyte permeability of
the laser-structured electrodes. Overall, the laser ablation
techniques have a lower technical barrier to be integrated
in state-of-the-art battery electrode manufacturing lines
than LAM since conventional battery electrodes can be
easily processed by the laser ablation technique accord-
ing to the above-discussed papers. Nevertheless, the laser
ablation techniques have the potential drawback that
needs to be addressed, that is, the increase of battery cell
manufacturing cost ($/kWh). Considering the fact that
the cost contribution of the battery electrode materials
is very high (up to about 40% of the total cell manufac-
turing costs), constructing the 3D structure of the elec-
trode by the removal of the electrode materials is not cost
efficient. The degree of the material ablation may need to
be limited to some degree where the production cost is
not increased by the laser ablation process, while improv-
ing the cell performance. Therefore, a more systematic
research and development plan is desired to minimize
the impact on the production cost of rechargeable cells.

6 Summary and outlook

This paper provides a comprehensive review of various
laser 3D manufacturing technologies and the techniques
that are introduced and categorized into four differ-
ent sections: selective laser sintering techniques; direct
laser writing techniques for graphene-based electrodes;
laser-induced forward transfer techniques; laser abla-
tion subtractive techniques. The concepts and respective
advantages of each laser manufacturing technique are
briefly discussed and notable studies that address current
and emerging issues of rechargeable cell manufacturing
and their achievement are introduced and emphasized.
Several works have accomplished dramatic improvement
in electrochemical performance of the rechargeable cells,
but it is worthwhile noting that those approaches are still
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at an early development stage and many technical chal-
lenges need to be overcome in order to be competitive
with the conventional manufacturing process.

One of the biggest concerns of laser manufacturing
technologies is the selection of an appropriate laser for
specific printing materials because the laser manufactur-
ing efficiency and spatial resolution of printing structure
strongly depend on the laser properties and laser-mate-
rial interaction. Configuration of the laser manufactur-
ing equipment likely needs modifications depending on
printing materials unlike the conventional roll-to-roll
manufacturing equipment which is relatively flexible in
changing materials. This issue raises another question
about how efficient the laser manufacturing techniques
will be for multi-component systems. Conventional
rechargeable cell electrodes are generally composed of
2-4 different solid constituents such as active material,
conductive carbon, and a polymer binder. Even if the
laser manufacturing techniques enable fabrication of a
binder-free electrode via selective melting or sintering
process, the electrodes may still need electronic conduc-
tive additives in them. So far, previous works have mainly
been used for a single constituent system and their phys-
icochemical and electrical properties have not been suffi-
ciently demonstrated yet. In addition, the construction of
rational micrometer-scale 3D structure has been a major
goal of laser manufacturing techniques and relatively lit-
tle attention has been given to nano-scale pores that is
also very influential in the performance of rechargeable
cells. Large scale and continuous manufacturing capabil-
ity while addressing abovementioned issues will also be
a technical barrier that prevents commercialization of
the laser manufacturing technologies, thus enormous
research effort still needs to be dedicated to investigating
laser 3D manufacturing techniques.

Some important practical terms for commercial bat-
teries such as volumetric energy or power density, and
material cost can be other issues for 3D design and man-
ufacturing technologies, especially for those which cre-
ate a 3D structure by ‘removing’ materials. Systematic
computational and experimental design strategies will
be highly desired to minimize the loss of materials and
excess internal pore volume of battery electrodes so that
3D manufactured batteries can become competitive to
the conventional batteries. Despite the several challenges,
there is no doubt that laser manufacturing technologies
have their unique strengths and amazing potential to
become a game changer of the rechargeable cell manu-
facturing. The great 3D structure construction capabil-
ity of the laser manufacturing will enable improvements
to specific energy and power density of rechargeable
cells, and they can possibly lower manufacturing cost by
reducing material wastes or simplifying manufacturing
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processes. Hybrid laser manufacturing technologies con-
sisting of a combination laser manufacturing and conven-
tional manufacturing or other advance manufacturing
techniques are also considerable to open new opportuni-
ties for advanced manufacturing capability that has not
been demonstrated by any conventional methods. A fully
3D printed rechargeable batteries is an ultimate goal of
all advanced 3D manufacturing and we believe that laser
manufacturing will play a key role to realize it.
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