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ABSTRACT

Due to its unique features, laser-induced graphene (LIG) can be considered as disruptive technology for creating a few-layer graphene-based
film that received much attention in the field of flexible electronics. Among all, energy storage, catalysis, sensing, and separation are the main
applications that have been investigated in recent years with large improvements in the respective device performance. In particular, minia-
turized supercapacitor—usually called a micro-supercapacitor (uSC)—is the most investigated field in which LIG can strongly provide
outstanding results concerning the state of the art simplification of the fabrication procedure and intrinsically allowing the flexibility of the
device. However, many open points still limit the possible full exploitation of this technology in the energy storage sector. This paper pro-
vides a concise overview of the LIG application in SCs suggesting where the community should direct efforts to enhance the results together

with associated challenges.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078707

The discovery of graphene by mechanical exfoliation in 2004 has
had a great impact in the fields of chemistry, physics, and materials sci-
ence due to its unique structure and excellent properties such as great
electrical and thermal conductivity and flawless quantum tunneling.’
Chemical vapor deposition (CVD), crystal epitaxy on insulating single
crystal silicon carbide (SiC) surfaces, and oxidation-reduction pro-
cesses have allowed significant progress to be made in the creation of
single-layer graphene.” However, cost reduction and environmental
impact still need to be addressed together with the issue of scalability.”
In this regard, the so-called family of few-layers graphene (FLG) mate-
rials has been under the spotlight through the easier synthesis proce-
dure.” This kind of material is often derived from wet chemical routes
that allow faster processes with high yield. Moreover, in most cases,
FLGs result in porous 3D arrangements, which are highly desirable in
the fields of energy storage, catalysis, sensing, and separation.’

Laser ablation of polymers has been reported since 1982. It is
possible to move from surface modification to material ablation by
tuning laser parameters, i.e., by adjusting the dose. In fact, at low laser
doses, it is possible to slightly alter rugosity impinging on properties
such as wettability and adhesion. By increasing the dose, it is possible
to obtain conversion and ablation. The conversion of polymers to a
different solid-state does not always occur due to the chemistry of the
polymer. There is no apparent agreement in the literature as to

whether the process is photothermal or photochemical, although a
photothermal model has been developed for polyimide (PI). Some
model-based studies suggest that a photothermal reaction is the most
likely since the temperature developed with laser pulses in short expo-
sure times provides enough energy to let volatile species leave the
monomer, which rearranges itself in a different aggregate.”

In 2014, Lin et al. reported for the first time the production of
porous 3D multilayer graphene by direct laser writing of a PI sub-
strate.” The formation of LIG was demonstrated relying on a photo-
thermal process in which sp3 carbon atoms in the polymer rearrange
in an sp2 structure. It is possible to obtain a porous structure com-
posed of FLG walls thanks to the evolution of volatile compounds
deriving from broken atomic bonds.

Simple design, environmental friendliness, programmable com-
positions, and controllable morphologies are among the main benefits
of LIG over traditional graphene. LIG can provide good porosity, flexi-
bility, and mechanical toughness as well as outstanding electrical and
thermal conductivity.” All these advantages of LIG open up a smart
approach to manufacturing graphene-based energy storage devices
(ESDs). Because of the increased surface area, the material proves to
be suitable for supercapacitors (SCs), where the storage mechanism is
limited to the electrode-electrolyte interface without any bulk contri-
bution either in the solid or liquid phase. In this context, SCs are
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divided into two categories: electrical double-layer capacitors (EDLCs)
and pseudocapacitors. The difference between the two categories is
determined by their storage mechanism. In the case of EDLCs, the
accumulation occurs under electrostatic interactions of ions in the
electrolyte with electronic charges, and in pseudocapacitors, fast and
reversible redox reactions are the main contributors to capacitance.

SCs are electrochemical ESDs complementary to rechargeable
batteries in terms of energy and power densities.” Moreover, they
exhibit an extremely long lifetime, as no intercalation is occurring,
higher safety, and a wide operative temperature range. To satisfy the
power requirement of the portable electronics and to allow a higher
degree of integration with microelectronics, research has pushed for
SCs miniaturization resulting in the so-called micro-supercapacitors
(uSCs)."”

Traditionally, uSCs were fabricated starting from microtechnol-
ogy approaches such as silicon micromachining and thin film deposi-
tion and patterning. The interdigitated structure of the electrodes
allows for a planar design, in which traditional SC materials can also
be combined to achieve a symmetrical or asymmetrical configura-
tion."' The direct laser writing approach introduced an important leap
forward since the common microtechnology methods require long
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and complex processes. LIG can push this advancement further by
greatly simplifying the manufacturing steps and introducing a depen-
dence on the laser parameters of the electrochemical performance of
the electrodes.'” However, some issues are still open in the optimiza-
tion of the LIG electrodes for uSC fabrication. The main problems
result from the impact of the laser parameters on the LIG properties,
the restricted mechanical properties of PI, the relatively high resis-
tance, the relatively low surface area of LIG compared to common SC
materials, and the design of the uSC itself.

The paragraphs that follow review the recent outcomes obtained
by this research team on LIG and provide Perspectives for improve-
ment of LIG-based devices. Figure 1 shows a diagram of the research
focus of this working group.

In the previous work,'* we showed that by tuning laser parame-
ters it is possible to control the morphology, elemental composition,
and electrical properties of LIG. Many morphologies were achieved
from a more porous network to needle-like or fiber-shaped LIG.'>"”
XPS measurements proved that graphitization happens in all morpho-
logical cases. Furthermore, the measurements showed that it is possi-
ble to control the content of pyrrolic nitrogen, which can cause
pseudocapacitance contribution to the material.'” This is an example
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FIG. 1. Optimization strategies and application fields of LIG form the tuning of the laser parameters for sustainable micro-supercapacitors to the decoration with carbon or
pseudocapacitive materials to enhance the energy storage performance. From the assessment of biocompatibility for the implantable device to the characteristics of flexibility
and resistance to high temperatures that allow the use of LIG for wearable devices and applications in harsh environments.
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of the versatility of laser scribing technology in producing electrodes
for ESD applications.

Pseudocapacitive materials can provide a fast faradic contribution
to capacity. Metal oxides and dichalcogenides with pseudocapacitive
properties were used to decorate the surface of LIG to increase its spe-
cific capacity.'*'” This class of materials presents an electrical response
typical of capacitors. This research team developed the one-pot syn-
thesis of a pseudocapacitive LIG-based device. A MoS, dispersion was
spin-coated on the PI substrate and exposed to laser radiation. The
conversion process allowed LIG decoration with MoS,. XPS measure-
ments confirmed the results of this process since the 2D material fea-
tures (20-100nm) were not discernable from LIG features under
electron microscopy. Device measurements were performed in an
aqueous polymer electrolyte composed of IM NaCl in a PVP matrix.
As a result of its higher storage capabilities, the device also proved that
it was able to directly store charges arriving from a harvesting source
such as a third-generation solar cell."”

The increase of the EDL storage mechanism was also investi-
gated by this research team. The deposition of EDLC materials, such
as activated carbons, is a challenge for fabrication of uSCs. This class
of materials can be produced on top of compatible substrates via
pyrolysis and subsequent chemical activation, although PI does not
meet the requirements for such processes. This team proposed a fast
process to increase the performance of LIG-based EDLC devices in
terms of specific capacitance and energy. An activated carbon (AC)
based slurry was prepared in dimethyl sulfoxide (DMSO) together
with carbon black (CB) and polyvinylidene fluoride (PVDF). CB
and PVdF were exploited to improve, respectively, conductivity and
adhesion between LIG and AC particles. The as-prepared active
material was loaded on LIG via vacuum infiltration. With this proce-
dure, the performance of the device improved remarkably. To ease
the infiltration process, LIG wettability was increased through nitric
acid activation.'® Following this approach, we achieved the highest
EDL capacitance obtained so far in uSCs using LIG electrodes as
current collectors.

LIG produced by our workgroup proved to be biocompatible
thanks to the zebrafish model. Zebrafish (Danio rerio) tests are
increasingly used as alternative model systems due to their high-
throughput screening. Their convenience is due to the 70% homology
with human genes, and they are widely used to test chemical and drug
compatibility. Tests on LIG showed that the Zebra fish model had no
impact on movement or cardiac activities. This is a remarkable result
if compared to nanomaterials such as graphene, graphene oxide (GO),
and others, making LIG a suitable candidate for implantable uSCs and
biological applications.'”

Materials and processes for micro and nanofabrication have been
optimized for rigid electronics. Flexible and stretchable electronics are
emerging classes of devices that aim to achieve conformity and
deformability while ideally preserving electrical properties and perfor-
mance under mechanical deformation. Moreover, the manufacture of
micro ESDs requires numerous steps. Despite PI flexibility and its
advantages as a widely employed material in electronics, this polymer
is not stretchable. In this framework, our research focused on transfer-
ring or producing LIG on different substrates that are more stretchable
than PIL The objective was to introduce LIG into stretchable electron-
ics and wearable devices. One of the first attempts we developed
involved transferring LIG onto polydimethylsiloxane (PDMS). PDMS
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is a well-known elastomer, biocompatible, and its modulus of elasticity
can be tuned according to the degree of polymerization of the
siloxane-based monomers. LIG was transferred to a soft PDMS sub-
strate using the scotch tape-like transferring method. The results were
promising since the quasi-solid device cycled in both high bent and
stretched conditions.'”

PDMS was also tried as a substrate material for LIG production
because of the presence of carbon in the methyl groups. It was possible
to convert the substrate into a carbonaceous conductive material, but
the yield was low because of the low carbon content. Moreover, the
conductivity was not remarkable since also some byproducts, such as
silica and silicon carbide particles, were produced during this conver-
sion process. Consequently, we improved the carbon content in the
PDMS matrix. Two composite materials were produced: PDMS mixed
with powdered PI and PDMS mixed with triethylene glycol (TEG).
Both composite materials showed softer mechanical properties com-
pared to PI and could be stretched. Moreover, good adhesive proper-
ties were preserved with respect to bare PDMS. The yield of
conversion was increased as expected, and the production of a
graphene-based material was demonstrated through Raman spectros-
copy and transmission electron microscopy (TEM). In both cases, the
PDMS conversion into silicon-based particles was lowered, and the
material conductivity was increased with respect to LIG produced
directly on PDMS. An advantage of this approach is that the thickness
of the substrate can be adjusted, i.e., adapted to other substrates to
allow the conversion process without causing strong deformations of
the substrate. This advantage allowed us to convert the designed areas
without any damage to the devices. Both devices were tested under
mechanical stress conditions and showed no deviations from their
original capacitive behavior. In both cases, LIGs produced were
hydrophobic."”

Another polymeric substrate was studied as a precursor for LIG:
sulfonated poly (ether ether ketone) (SPEEK).” SPEEK is a well-
known functional polymer used for the production of ion exchange
membranes (IEMs), and its aromatic repeating unit fulfills the require-
ments for LIG production. It was easily converted to LIG without fur-
ther processing. XPS, Raman, and TEM analyses demonstrated the
effective conversion into an FLG structure. A uSC was fabricated by
exploiting SPEEK as a separator and a solid-state electrolyte. In an
aqueous environment, the device showed a remarkable specific capaci-
tance for an exotic polymer differing from PI. In this case, some traces
of S doping may have enhanced the capacitive behavior of the device.
Future research could use this result as a basis to further investigate
functional materials to achieve micro ESDs constituted by a limited
number of substances.

Producing LIG-based devices directly on polymeric fibers was
investigated with a view to increasing the level of integration of micro-
devices into textiles for wearable applications. Aramid yarns were sub-
ject to femtosecond pulsed laser radiation. A more focused laser
process allowed the preservation of the structural integrity of the yarn
while the LIG pattern showed very good conduction properties result-
ing in device integration directly into weft and warp.”'

Finally, the applicability of LIG uSCs in harsh environments,
such as high temperatures, was demonstrated. Because of the thermal
properties of PI, LIG, and ionic liquids (IL), supercapacitors can be
allowed to operate at high temperatures. A device based on 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [PYR14][TFSI],
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FIG. 2. Energy efficiency interpretation in galvanostatic experiments. In (a), the ideal case of a lossless device with maximized efficiencies. In (b), the effect of losses (iR-drop)

on the energy efficiency.

IL was studied at constant voltage up to 100 °C, limited by the thermal
stability of the pouch cell packaging material. Device stability was
observed, together with an increase in storage performance in terms of
specific energy and capacitance.”

Much work has been carried out to investigate the LIG formation
mechanism and the tunability of its properties to enlarge its applicabil-
ity. However, we believe that research on uSCs and LIG-based uSCs
should be more focused on the optimization of the architectures to
improve the electrochemical performance of the devices. Charge bal-
ancing and minimization of Ohmic losses are fundamental strategies
to maximize energy and power densities. There is currently no litera-
ture on optimization of LIG-based devices that considers charge bal-
ancing and Ohmic losses, although some research is available on
microfabricated uSCs.”” Moreover, parameters like Coulombic effi-
ciency (1) and energetic efficiency (1) should be provided to better
compare literature results, together with capacitance density evaluation
and Ragone plot.

Charge balancing is an optimization procedure to let anodes and
cathodes operate in their full potential window, allowing the device to
exploit the maximum voltage window and, hence, maximizing the
energy density.”* Both in the case of symmetrical or asymmetrical elec-
trodes (i.e., a combination of EDLCs or pseudocapacitive materials),
anodes and cathodes should be designed with low dissipative proper-
ties, that is, low resistive components. Impedance spectroscopy (IS) is
fundamental for the direct evaluation of dissipative properties. IS
allows the direct evaluation of Re{Z}, where Z is the electrochemical
impedance, which is responsible for energy losses. However, an indi-
rect evaluation of Ohmic losses can be retrieved by evaluating the
energy efficiency. The energy efficiency is the quotient between dis-
charge and charge energies, i.e., n; = E4/E,.. The quantity 1 — 5, can
be shown to be related to the energy losses. A representative interpre-
tation of the energy efficiency obtained from galvanostatic tests is
given in Fig. 2. Figure 2(a) shows an ideal voltage response character-
ized by maximized efficiencies, while in Fig. 2(b) is shown the effect of
Ohmic losses due to the iR-drop on the voltage response with a conse-
quent decrease in the energetic efficiency. However, iR-drop is not the
only influence on #; but also the overall voltage profile which is related
to the device chemistry.

Energy must be evaluated by integrating instantaneous power
over the integration period to guarantee correct reporting of 1, that is

1 [t
P voian
with At being the charging or discharging period.

One of the main issues of LIG is the relatively low electrical con-
ductivity. In the literature, the electrical conductivity of LIG is evalu-
ated indirectly through square resistance (Ry;) measurements. This
parameter is influenced by the thickness of the sample, and its value
can be lowered, in principle, by increasing the laser dose and consider-
ing the laser depth of the field.

The other advantage of thickening the LIG layer is the enhance-
ment of the charge accumulation. However, the overall LIG electrode
resistance can be further reduced by properly accessing the entire elec-
trode, i.e., research should strive to find a way to produce LIG directly
on a metal current collector. This manufacturing procedure is simpler
with other types of active materials such as those that can be grown
electrochemically. A further possibility to reduce Ohmic losses is the
optimization of the electrodes interdigitation. The r parameter
reported in Fig. 3 offers various degrees of freedom for that purpose.
LIG digit distances and aspect ratios can be tuned to minimize disper-
sions and balance electrode charges as well.

In addition, the electrolyte and properties of the LIG surface
must be optimized to improve wettability, thereby reducing the inter-
facial resistivity. Among electrolytes, high voltage systems like ILs or
novel organic salts must be tested.”” Most of the literature is focused
on aqueous electrolytes, but the operating voltage is limited. ILs and

_ A mLW, _{ n

r=—= !
A,  nLw, n+1

FIG. 3. An expression for the areal ratio: six parameters can be finely tuned to per-
form areal balancing: lengths, L, widths, W, and number of digits, n and m.
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organic electrolyte systems offer several common advantages such as a
relatively high operating voltage window. ILs offer the further advan-
tage of high thermal stability, low volatility, and flammability increas-
ing device safety. In the recent decade, they have been widely explored
for SCs; thus, ILs can be studied for uSC applications.26

In conclusion, it is known in the literature that possible uSC
device topologies concerning 2D, i.e., relatively thin, electrodes are
coplanar and parallel plates. To date, LIG-based 1SCs have been devel-
oped in the coplanar configuration, limiting the device specific perfor-
mance per footprint area.”” Based on the research developments
achieved and foreseen, we also expect that LIG will be exploited as an
electrode material for efficient, high fabrication yield uSCs for
electronics.
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