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Abstract

Laser-induced graphene (LIG), which is directly fabricated by laser carbonization of polymers, has gained much
attention in recent years since its first discovery in 2014. Specifically, featuring native porosity, good mechanical
properties, and excellent electrical/electrochemical properties, it is considered a promising material for flexible
electronic devices. Meantime, LIG can be processed in the atmosphere within a few seconds, thereby significantly
reducing the fabrication cost of graphene. Facilitated by these features, this methodology has received great
development with worldwide efforts in the following years, including the formation mechanism of LIG, the diversity
of laser sources (from infrared laser to ultraviolet laser), the diversity of carbon sources (thermoset polymers,
thermoplastic polymers, and natural polymers), and property modulation of LIG (porosity, electrical property,
hydrophilic/hydrophobic property, electrochemical property), along with the broad applications of LIG in various
flexible electronic devices. Here, the recent advances in the mechanism studies and preparation methods of LIG are
comprehensively summarized. The various technologies for the modification of LIG are reviewed. A thorough
overview of typical LIG-based flexible electronic devices is presented. Finally, the current challenges and future
directions are discussed.
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INTRODUCTION

Graphene, which is composed of hexagonal carbon atoms, has attracted much attention for its outstanding
mechanical, optoelectronic, and electromagnetic properties*. As a diverse material, graphene is a
promising material for flexible electronics because it can be prepared on arbitrary flexible substrates without
relying on complicated silicon-based semiconductor technology"*”. The earliest graphene was prepared via
the method of mechanical exfoliation®"", and the graphene obtained by this method is inefficient and
poorly controllable"”. With the rapid advancement in fabrication methods, graphene can be prepared by
various technologies, such as chemical vapor deposition*'?, epitaxial growth"”*, and modification of
graphene oxide™ . Although some methods (e.g., chemical vapor deposition and epitaxial growth) can
prepare graphene with high quality, the high temperature and complicated patterning process severely limit
their applications in flexible electronic devices””. In most cases, modification of graphene oxide is
considered a promising method for the preparation of flexible electronics because it can be produced on a
large scale by solution processing methods”?”. However, the environmental pollution caused by the
massive use of chemical reagents in the fabrication of precursors limits its further application on electronic
devices™.

25-27

Recently, a novel method of laser-induced carbonization has emerged to directly fabricate laser-induced
graphene (LIG) on various flexible substrates with high precision (linewidth of 10 pm), high efficiency
(preparation time of several seconds), and no chemical pollution (no chemical agents)*'. The resultant
LIG shows native porosity, excellent thermal stability (> 900 °C), high electrical conductivity (5-25 S/cm),
and adjustable properties”. Compared to traditional methods, this new method can be performed in the
atmosphere, and the patterned graphene can be easily accomplished with computer programming
techniques, thus greatly simplifying the preparation procedures and reducing costs”*. The initial laser
source is a carbon dioxide laser with a wavelength of 10.6 um™*, whose far-infrared property results in the
deep ablation thickness of polymer and wide linewidth of LIG"**). To fabricate the thinner flexible
electronics with smaller linewidth, selecting a laser with shorter wavelengths (e.g., 355 nm"**/) and
controlling process parameters are two common methods, which enable the fabrication of the visually
invisible LIG with a linewidth of 10 um"”. Besides, any desired LIG pattern can be directly fabricated on
various flexible substrates, including polyimide'**/, polyethylene terephthalate!*”, PDMS"**, and flexible
cellulose paper''. In particular, the properties of LIG, including hole size, hydrophilic/hydrophobic, and
square resistance, have been proven to be adjustable®>*). These features promote the broad applications of
this processing method in the fabrication of LIG-based flexible electronics™.

Although several excellent reviews have been published, the detailed formation mechanism of LIG under
various laser sources and process parameters has rarely been summarized. Meanwhile, the property
modulation and its applications in flexible electronic devices have also not been comprehensively reviewed.
In this review, we mainly focus on the recent advances in the formation mechanism of LIG, property
modulation methods, and their applications in flexible electronic devices [Figure 1]. Much attention has
been first devoted to the formation mechanism of LIG under various photothermal or photochemical
effects. On this basis, the diversity of laser and carbon sources and various methods of property modulation
are reviewed, which helps researchers to select appropriate lasers, carbon sources, and processing schemes.
The simple processing procedures and tunable properties of LIG have greatly facilitated the application of
LIG-based flexible electronics, including actuators (e.g., photothermal actuators, and electrothermal
actuators), sensors (e.g., strain sensors, gas sensors, and pressure sensors), electromagnetic devices (e.g.,
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Figure 1. Recent advances in laser-induced graphene and its application for flexible electronic devices. Various laser sources™?,

Copyright 2014, Elsevier. LIG-based flexible electronic devices consist of actuators [e.g., photothermal actuators™ (Copyright 2017,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)], sensors [e.g., acoustic sensors'™®! (Copyright 2017, The Author(s), published by
Nature.)], electro magnetic devices[e.g., terahertz imaging devices®” (Copyright 2020, Optical Society of America)], and energy
storage devices [e.g., supercapacitor[m] (Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)1.

radiofrequency antenna devices, electromagnetic shielding devices, wave modulators, and terahertz imaging
devices), and energy storage devices (e.g., nanogenerators, supercapacitors, and batteries). Finally, the
current challenges of LIG and future development directions are discussed.

FORMATION MECHANISM OF LIG

Photothermal and photochemical effects

When a laser is irradiated on the surface of the polymer, the polymer will absorb the laser energy to
decompose at the irradiated position. Previous threshold studies have demonstrated that photon energies
greater than 3.2 eV (wavelength less than 390 nm) can directly break the chemical bond of the polymer™.
Hence, according to the mechanism of laser-polymer interaction, it can be classified into two types:
(1) photothermal-dominated polymer pyrolysis; and (2) combined photothermal and photochemical
polymer pyrolysis.

For lasers with wavelengths larger than 390 nm, numerous experimental results demonstrate polymer
pyrolysis is mainly based on the photothermal effect®**. During the photothermal process, the photon
energy is less than the chemical bonds of the polymer, such as C-O, C-N, and C=0"", but the absorbed
photons cause faster atomic vibration to heat up the local area [Figure 2A]*". This heating effect leads to the
breaking of chemical bonds when the absorbed energy exceeds the bond energy. To accurately illustrate this
process, a theoretical photothermal model was established as d = k x e®*""*'], where the ablation rate d is
mainly determined by a combination of the Arrhenius index factor k, activation energy E, gas constant R,
and the average temperature of the laser-radiated region. The first three parameters are constants for a given
material. The last parameter is affected by multiple factors, including laser power, scanning speed,
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Figure 2. Mechanism of the formation of LIG. (A) Schematic diagram of the preparation of LIG at different wavelengths. (B) Variation of
carbon yield with oxygen"*.Copyright 1989, published by AIP Publishing. (C) Photograph of carbonized sensor array™®”. Copyright
2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Distributions of carbon atoms at 2700 K and 2400 K. (E) Distributions
of carbon atoms at preservation times of 600 ps and 100 ps. Reproduced with permission'®™. Copyright 2019, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

absorbance, and sample structure. Generally, with the increase in laser power or the decrease in scanning
speed, the average temperature of the laser-radiated region increases'®>®. The well-matched manner (high
absorbance for the laser) of the polymer and the laser can effectively improve the utilization of the laser,
allowing the required temperature of LIG at low power density'*. Besides, sample structures (surface
ablation and interface ablation) also have a significant effect on the average temperature of the laser-
radiated region'. Compared to surface ablation, interface ablation shows a highly concentrated
temperature distribution due to the heat conduction of the top substrate.

As for the laser with photon energies greater than 3.2 eV, polymer pyrolysis is generally considered to be a
coupling of photothermal and photochemical effects [Figure 2A]*". Unlike the local heating of the
photothermal effect, the photochemical effect can directly break some chemical bonds with bond energy
less than photon energy'”*®. Polymer carbonization occurs when the absorbed photon concentration
exceeds the threshold photon concentration, which is a constant for a given material. At low laser fluence
(< 1]J/cm?), the ablation rates predicted by the pure photochemical effect are in good agreement with the
experimental data'. With the increase of laser fluence, the discrepancy between theory and experiment is
more pronounced due to the non-negligible temperature rise effect caused by molecular energy levels and
radiation-free leap processes for the short wavelength lasers (< 390 nm)"”". Therefore, a combined
photothermal-photochemical effect is proposed by Babu et al., which is in good agreement with
experimental data over a wide range (e.g., 0 to 100 J/cm”for a 248 nm KrF laser)'*.
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Carbonization mechanisms of polymers

At the irradiated zone, high-temperate (> 2700 K) and high-pressure (~3 GPa) environments are formed on
the surface of the polymer, which results in the breakage and reunition of polymer molecules””. In this
process, the residual solid product is generated with some gases (e.g., CO, CO,, and C,H, in Figure 2B)"*7.
The release of gas leads to the formation of the porous feature of the residual solid product”””.

There is a threshold power density for the formation of LIG with a D peak (defect peak), a G peak (vibration
of sp” carbon atoms), and a 2D peak (vibration between layers) of the Raman spectrum. Due to different
mechanisms of laser-polymer interaction, this threshold is different for various laser sources, such as
5.5 J/cm’ for 10.6 um laser™ and 8.75 J/cm® for 450 nm laser™. When the power density is below this
threshold, the residual solid product is amorphous carbon with a D peak and a G peak!™. Once the power
density exceeds this threshold, a sharp decrease in N and O content and a significant increase in C content
for the residual solid product can be found by elemental analysis™'. The significant increase in the carbon
content of the solid product leads to the transition of insulating material to conductive LIG"* [Figure 2C].

Reactive molecular dynamics demonstrate that a critical temperature of 2700 K is a prerequisite for the
formation of the LIG". At 2700 K, polyimide molecules can decompose into hexagon rings even in the
absence of a metal catalyst, while carbonization products below this temperature are mainly in the form of
amorphous carbon chains [Figure 2D]. In the formation process of LIG, the O and N atoms serve to
connect carbon rings, thus accelerating the formation of hexagon rings. In addition to temperature, other
parameters also have great effects on the formation of LIG, including heat preservation time, heating and
cooling rates, and processing cycles. The heat preservation time and processing cycles affect the formation
of LIG [Figure 2E], while the heating and cooling rates have little effect on the quality of LIG, which is

consistent with the experimental results'®.

PREPARATION AND PROPERTY MODULATION OF LIG

Diversity of laser sources

According to the wavelength, laser sources that have been employed to prepare LIG can be classified into
three categories: infrared laser, visible laser, and ultraviolet (UV) laser. Compared to the traditional infrared
laser, the UV laser shows two advantages. One is that the LIG prepared by UV laser has higher resolution
and better uniformity, which is more conducive to the miniaturization and integration of the devices. The
other is that the utilization of UV laser can significantly reduce energy consumption due to the larger
absorbance of polymer (e.g., polyimide) to the UV laser'™".

At the initial stage of LIG study, carbon dioxide laser (pulse duration of ~14 us or continuous wave) is the
most common laser source. Due to the large heat-affection zone of the carbon dioxide laser, the linewidth of
the fabricated LIG is wide (~100 um)"™. Besides, a flexible substrate with a thickness larger than 100 um is
required®. In 2018, Alexandre first reported that a fourfold reduction in ablation depth thickness and a
doubled improvement in spatial resolution could be achieved by using a UV laser with a wavelength of
355 nm (pulse duration of 1 us)!*'. After that, lasers with other wavelengths were widely used to prepare
LIG, including 1064 nm (continuous wave)* 532 nm (continuous wave)*™"),
450 nm (continuous wave)®**!, 405 nm (pulse duration of 10~50 ms)****, 355 nm (pulse duration of
10 ps)™®), 343 nm (pulse duration of 220 fs)***), and 308 nm (pulse duration of 20 ns)®”, indicating that the
preparation of LIG is independent of laser sources. Compared to laser sources with long pulse widths
(continuous wave, millisecond, microsecond, and nanosecond), ultrafast lasers (pulse duration of
picosecond and femtosecond) enable higher processing resolution due to the smaller heat-affected zone.
The diversity of laser sources promotes the broad application of LIG-based flexible electronic devices.

86,92,93
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Diversity of carbon sources

Most carbon-containing materials, including thermoplastic polymers, thermoset polymers, and natural
polymers, can be converted into graphene as long as suitable process parameters are applied. As a typical
case of thermoplastic polymers, polyimide is the most common carbon source in early research of LIG
[Figure 3A and B] due to its unique features in terms of material stability, high-temperature resistance, and
flexibility”*®. With the rapid progress of LIG preparation, other common polymeric materials, such as
PEEK"™ [Figure 3C], PDMS"*"'®! [Figure 3D], phenolic resin"* [Figure 3E], self-assembled block copolymer
and resin composite!*”'* (such as the Kevlar fiber in Figure 3F), photoresists"**, PTFE"*), PES"*, and
resorcinol"””, have been proven to be possible to fabricate LIG.

For materials with poor properties of carbon formation, previous studies have shown that only low-quality
amorphous carbon can be produced under laser irradiation. To solve this problem, Tours has developed
multiple irradiations method [Figure 3G] to carbonize these materials into graphene, such as wood"*'"”),
potato skins, bread, and cellulose clothing"'” [Figure 3H]. The adopted defocusing strategy reduces the
temperature gradient to avoid the exfoliation of carbonization products, allowing these products to be
irradiated repeatedly to improve their quality. The diverse carbon sources open up a new route for recycling
waste items (e.g., preparing electronic devices from these waste items). In addition, some low-quality
amorphous carbon can be transformed into high-quality graphene by laser irradiation, thus providing a
facile method for improving the quality of carbon at a low cost. However, the quality of LIG is much lower
compared to graphene prepared by CVD or epitaxially grown. Therefore, more efforts should be devoted to
improving the quality of LIG in the future, such as by adopting a catalytic approach.

Property modulation methods of LIG

Effect of process parameters

The method of tuning laser parameters [Figure 4A], including laser power, scanning speed, frequency, and
out-of-focus distance, is widely used to modulate the properties of LIG, including the porosity, thickness,
and square resistance™. Generally, as the absorbed laser energy increases, the amount of gas produced by
the decomposition of the polymer increases, thus resulting in an increase in the hole size of LIG""
[Figure 4B]. However, excessive energy destroys the porous structure®’. These holes greatly increase the
surface area (up to 340 m*/g"”) of LIG electrodes, which can help improve device performance in certain
fields, i.e., porous electrodes are helpful to improve the performance of supercapacitors by providing
sufficient contact between electrode and electrolyte, and plenty of holes increase the reflection ratio of

electromagnetic waves to improve electromagnetic shielding effectiveness.

In addition to hole size, the thickness of LIG can also be adjusted by varying laser parameters. The higher
the absorbed laser energy, the greater the thickness of LIG"*. Although the increase in thickness leads to a
decrease in flexibility, thicker electrodes can significantly increase the area-specific capacitance of the
supercapacitor and the electromagnetic interference effectiveness of the electromagnetic shielding device.
Besides, the increasing laser energy results in a decrease in square resistance* [Figure 4C], which improves
the performance of devices that utilize the electrical property of LIG, such as electrothermal actuators and
electromagnetic devices. The ratio of I,/ (defect ratio) tends to decrease first and then increase as the
absorbed laser energy increases [Figure 4D and E]. This is because the increasing absorbed energy results in
the sufficient decomposition of the polymer, while excess energy causes the oxidation of the as-formed LIG
in the air.

Effect of processing environments
During polymer carbonization, the oxygen in the processing environment is involved in the process of
polymer pyrolysis [Figure 5A], causing the oxidation of the residual solid product. This oxidation not only
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Figure 3. Diversity of the carbon source for LIG. (A) Fabrication of patterned LIG on flexible substrates. (B) Serpentine LIG lines on the
polyimide substrate™”. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Fabrication of patterned LIG on 3D
printed PEEK components™. Copyright 2019, American Chemical Society. (D) Preparation of LIG gears on the PDMS substrate"*%".
Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Preparation of LIG butterflies on the phenolic resin
substrate[m.Copyright 2018, Elsevier. (F) The LIG pattern on the Kevlar fiber“m.Copyright 2022, American Chemical Society.
(G) Schematic diagram of multiple repeated irradiations. (H) LIG patterns on wood, potatoes, bread, and cellulose clothing. Reproduced
with permission™®. Copyright 2018, American Chemical Society.

changes the surface morphology of LIG (e.g., lamellar and striated mesoporous structure for the oxygen-
containing environment and layered microporous structure for the oxygen-free environment, as exhibited
in Figure 5B) but also increases the oxygen content in the residual solid product"” [Figure 5C]. Generally,
the LIG fabricated in the oxygen-containing processing environment (e.g., air or oxygen environments)
shows hydrophilic, while it can be transformed to hydrophobic by changing the processing environment to
Ar or H,"". Different flexible LIG-based electronic devices require different properties of LIG, i.e.,
hydrophilic LIG is more suitable for supercapacitors and fuel batteries, while hydrophobicity is necessary
for actuators, sensors, electromagnetic devices, and nanogenerators. These variable features allow more
possibilities for the practical application of LIG.

Although LIG shows hydrophilic in oxygen-containing processing environments, the oxidation effect of the
as-formed LIG at high temperatures results in a decrease in the electrical property. For example, a 5-fold
reduction in square resistance can be found by changing the processing environment from air to Ar at a
fixed laser power™ [Figure 5D]. In the inert gas environment, the oxidation of the as-formed LIG is
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(D) Correlations of square resistance with laser power for different processing environments. (E) XPS Cls peak of polyimide and LIG in
air and Ar environments. (F) XPS O1s peak of polyimide and LIG in air and Ar environments. Reproduced with permission'®. Copyright
2016, Elsevier.

suppressed, thus resulting in fewer impurities of LIG [Figure sE and F]. However, this processing
environment causes LIG to show hydrophobic features, which is unfavorable for supercapacitors or fuel
batteries”™. Combing with post-treatment methods, such as the air or oxygen plasma treatment'*""", the
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hydrophobic electrode can become hydrophilic while the resistance of LIG remains unchanged, achieving
compatibility between hydrophilic and high electrical properties.

Effect of heteroatom doping

Despite large amounts of defects in LIG, these defects are favorable to heteroatom doping (e.g., conductive
ink, functional elements, and metal nanoparticles), which is an effective method to adjust LIG properties.
From the perspective of engineering application, the adjustable features of LIG are helpful in broadening its
applications. To date, various heteroatom doping methods, including pre-treatment of carbon sources and
post-treatment of LIG, have been widely used to modulate the property of LIG (e.g.,
hydrophilic/hydrophobic and electrical/electrochemical properties)””.

Pre-treatment means adding other materials into carbon sources before carbonization, which is usually bulk
doping. Depending on the added material, it can be used to modulate the hydrophilic/hydrophobic and
electrical/electrochemical properties of LIG. For the added materials of certain functional elements (e.g.,
fluorine element), the hydrophilic LIG can be converted to hydrophobic. For example, Chen et al. proposed
a one-step method for the preparation of F-doped LIG via interface ablation"'® [Figure 6A]. During this
process, the high temperature generated by the laser causes the decomposed F atoms to be doped into LIG
in one step, thus enabling the hydrophobic LIG [Figure 6B]"*?. For the added materials of metal
nanoparticles, its incorporation can effectively improve the electrical/electrochemical properties of LIG. As
a typical example, Han et al. proposed a laser direct writing method to synthesize composite metal particles
(e.g., Cu, Co, Ni, Fe, NiFe)/LIG electrodes in one step'"'”. Before laser irradiation, the carbon source of the
cedar is immersed in a metal salt precursor. Under the high-temperature conditions generated by the laser,
the metal ions are reduced and attached to the surface of LIG, resulting in improved
electrical/electrochemical properties""”. In addition to metal particles, low-dimensional nanomaterials (e.g.,
MoS,"¥, ZnO!"') have also been widely used due to their high surface area. Using a similar method,
Deng et al. synthesized composite MoS,/carbon electrodes in one step from these inexpensive materials of
citric acid (C,H,0,), ammonium molybdate tetrahydrate ((NH,),Mo.,O,,-4H,0) and sodium sulfide
(Na,S)""*. The simultaneous formation of MoS, NPs and LIG simplifies the preparation process. The
synergistic effect of the large number of catalytically active sites exposed in the MoS, nanoparticles and the
carbon materials allows the composite electrode to exhibit excellent catalytic performance and stability for
hydrogen precipitation reactions in acidic solutions [Figure 6C]"*".

After the formation of LIG, its properties (e.g., hydrophilic/hydrophobic and electrical/electrochemical
properties) can also be tuned by the post-treatment method, which includes surface and bulk doping.
Plasma treatment (e.g., fluorine plasma, oxygen plasma, and air plasma) is a convenient surface post-
treatment method to adjust the hydrophilic/hydrophobic property of LIG. Generally, the post-treatment of
LIG by fluorine plasma is helpful to hydrophobicity, while the oxygen/air plasma contributes to
hydrophilicity. Besides, electroless plating is also a surface post-treatment method to adjust the
electrical/electrochemical property of LIG. The deposition materials mainly contain metal nanoparticles*”
(e.g., Ni nanoparticles) and low-dimensional nanomaterials"" (e.g., ZnO nanoparticles). As a typical
example, Zhu et al. prepared a high-sensitive biosensor (3500 pA mM™ cm™ for glucose detection in a wide
range of 0-30 mM) by electroless plating of Ni and Au on the surface of LIG"”. The incorporation of metal
nanoparticles contributes to increasing the specific surface area and lowering the charge transfer resistance.
Apart from the above surface post-treatment method, the bulk post-treatment method has also been widely
investigated to adjust the electrical/electrochemical property of LIG. The holes of LIG can be used to fill
with other materials to fabricate composite electrodes. For example, Zhang et al. fabricated composite
electrodes with excellent electrochemical property (areal capacitance of 1425 F/g at 1A/g) by filling porous
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LIG with ZnP nanosheets'*” [Figure 6D and E], which mainly benefits from the fact that the hydrophilic
LIG can easily capture the ZnP solution and porous structure can store large amounts of ZnP solution. The
doped ZnP improves the adsorption energy of electrolyte ions and reduces the band gap*. In addition, the
conductive ink can be selected to fabricate high-conductive LIG. Rahimi et al. achieved a 2500-fold
improvement in the electrical property by filling porous LIG with conductive silver ink [Figure 6F]"*.
Except for the silver ink, other conductive inks (e.g., copper ink™*, nickel ink"*’, and CNT ink!"*") are also
possible.

LIG-BASED FLEXIBLE ELECTRONIC DEVICES

As discussed above, various laser and carbon sources can be used for the fabrication of LIG. Besides, the
property of LIG can be easily modulated by diverse approaches. From the perspective of device preparation,
these advantages promote many possibilities of LIG for flexible electronic devices. In this section, a
comprehensive review of various LIG-based flexible electronics is presented.

Actuators

Facilitated by the good flexibility, optical property (high absorption of 99% for wavelengths from 280 nm to
2500 nm"*”), thermal stability (> 900 °C*"), and electrical property (conductivity of 5-25 S/cm"™) of LIG,
graphene-based actuators have witnessed great development in the past 8 years. Responsive mechanical
motions (e.g., shape and structure variation) of actuators under various external environmental stimuli (e.g.,
electricity, heat, light, magnetism, humidity, solvents, and pH) play a crucial role in many fields, such as
energy generators!
categories: the electrothermal actuator and the photothermal actuator.

128]

and soft robots"*). The applications of LIG in actuators can be classified into two

Taking advantage of the excellent and tunable electrical property of LIG, the actuator based on the
electrothermal effect has been widely studied. Figure 7A shows the preparation process of the LIG-based
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Figure 7. Design of actuator based on LIG. (A) Preparation process of U-type electrothermal actuator. (B) Design of 2D precursor and
fixed nodes for flower stamen, epiphytic orchid, and foldable quatrefoil. (C) Photographs of bionic frog tongue grasping insects on the
table. Reproduced with permission™®". Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Photograph of a 3D
frog and its temperature distribution under light illumination. (E), Positions of a 3D frog at different times. (F) The movement path of
the 3D frog under light illumination. Reproduced with permission™".Copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

electrothermal actuator: (1) LIG is first prepared on the polymer substrate; (2) a layer of PDMS is then
coated for encapsulation; (3) the excess area is next tailored by the method of laser cutting; and (4) an
electrothermal actuator is finally obtained"*". Under different voltages, the electrothermal actuator bends to
different angles (0~1080°). By fixing nodes, some complex shapes of the electrothermal actuator can be
realized, such as flower stamen, epiphytic orchid, and foldable quatrefoil, by varying the shape of LIG and
fixed nodes. Particularly, three different shapes of electrothermal actuators can be realized by controlling the
voltage for the same 2D precursor [Figure 7B]. These features illustrate the great potential of electrothermal
actuators in various applications, such as bionic electronic devices. As shown in Figure 7C, the bionic frog
tongue can repeatedly and effectively grab the insects on the table. Especially the response time and recovery
time are within 5 seconds (the fastest response time currently reported) due to the excellent electrical
property and thermal conductivity*”. However, the response time can be further improved by increasing
the electrical property of LIG, which has rarely been explored in the current research. For certain occasions,
fast response time is important. For instance, for soft gripping robots, fast response time is beneficial to
improve efficiency.
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After laser illumination, LIG has a high absorption of 99% for the light with a wavelength from 280 nm to
2500 nm, thus enabling it to be an ideal material for the fabrication of the photothermal actuator”.
Recently, using the methods of laser cutting and laser carbonization, Wang et al. fabricated planar
photothermal actuators on the PDMS substrate"*. Due to the different absorbances of PDMS and LIG, the
temperatures of PDMS and LIG are different under the same light illumination. By designing a suitable LIG
shape on the gear, the rotation of the gear can be achieved under light illumination due to the difference in
surface tension between the LIG and PDMS sides"*. Combined with origami craft, a 3D frog with its head
carbonized can be fabricated [Figure 7D]. The temperature of its head is higher than other positions under
light illumination, which drives the 3D frog to move [Figure 7E and F]. By changing the carbonized position
of bionic frogs, different movement paths can be realized"*". Increasing the power density or decreasing the
scanning speed is favorable to the improvement of the absorbance of LIG, thus improving the response
time. To date, the reported response time is 0.48 + 0.14 s with a velocity of 11.05 + 0.87 mm/s"*”. Compared
to electrothermal actuators, photothermal actuators can be operated in energy-saving mode by sunlight
exposure, which is suitable for energy generators.

Sensors

Compared to traditional sensors (e.g., strain sensor, gas sensor, and pressure sensor) fabricated by
lithography technology, LIG-based sensors exhibit several distinct advantages. First, the electrode pattern
can be directly prepared on the flexible substrate, thereby simplifying the preparation process and reducing
the cost. Second, porous LIG has some unique characteristics, such as enhanced tensile property, excellent
gas adsorption/desorption property, and natural piezoresistive property, which are favorable for improving
the performance of the device. Third, the patterned electrode can be processed in one step without a mask,
which facilitates the low-cost fabrication of LIG-based sensors.

Strain sensor

Compared to traditional metal-based strain sensors, the natural hole of LIG not only improves the flexibility
of the electrode but also adjusts the sensitivity of the strain sensor [Figure 8A]. By changing process
parameters, the sensitivity can be adjusted from 5.39 to 43.7"%, which is much larger than the commercial
copper-based strain sensors with a sensitivity of 2. Besides, the substrate also has great effects on the
sensitivity (e.g., the sensitivity of 10,000 at 100% strain for PDMS substrate'*” [Figure 8B] and sensitivity of
43.7 at 1.5% strain for polyimide substrate™). In the past decade, various applications of LIG-based strain
sensors have been widely explored, which range from equipment state detection and human health
monitoring. For equipment state measurement, polyimide substrate is more suitable due to its stability"*".
As for the wearable sensor, the soft substrate is more suitable due to its better conformability.

As an example of the equipment state measurement, Yu ef al. applied ultra-thin LIG-based strain sensors to
the deformation measurement (e.g., bending, twisting, and impact) of morphing aircraft®” [Figure 8C]. The
sensitivity of the LIG-based strain sensor is 30 times higher than that of commercial strain sensors, which
helps to improve the measurement accuracy. As illustrated in Figure 8D and E, the resistance variation of
strain sensors is linearly related to the bending and twisting angle. When a morphing aircraft is impacted by
an object, the local area at the impact position will be deformed, thus resulting in the resistance variation of
the strain sensor in the corresponding area”. In addition to morphing aircraft, LIG-based strain sensors
can also be used in other devices, such as gesture monitoring for robots"*’. The linear range of LIG-based
strain sensors with polyimide substrate is ~2%, beyond which the deformation of polyimide enters into the
plastic stage. This feature limits its further application in the equipment state measurement with large strain.
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Figure 8. Design of LIG-based strain sensor. (A) Schematic diagram of LIG-based strain sensor with the polyimide substrate™.

Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Photographs of LIG-based strain sensors with the PDMS
substrate in different deformation states (e.g., bending, stretching, and twisting)™">. Copyright 2022, Elsevier. (C) Schematic diagram
of LIG-based strain sensor in morphing aircraft. (D) The AR/R, versus strain for different bending angles. (E) The AR/R, versus strain
for different twisting angles'®®. Copyright 2022, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (F) LIG-based strain sensor
attached to different positions. (G) Resistance variation rate of strain sensor attached to three positions in humans'™. Copyright 2022,
Elsevier.

Since the first discovery of LIG, the application of LIG-based strain sensors for human health monitoring
has been a hot direction. In this field, porous electrodes are beneficial for improving comfortability and
reducing the risk of skin inflammation. Employing this feature, various wearable sensors have been
developed, such as gas-permeable sensors for the detection of ECG signals"*?. In addition, high-sensitive
strain sensors for other physiological signals can also be fabricated. As a typical case, Chen et al. prepared
hydrophobic strain sensors (sensitivity of 2212.5, response time of 0.11 s, and ultralow detection limit of
0.0167% strain) with the substrate of PDMS"*!. This sensor can detect not only the pulse wave (three peaks
of P, T, and D), but also subtle signals in humans (e.g., eyebrow bone, fingertip, and toe tip waves in
Figure 8F). As seen in Figure 8G, three feature peaks are repeatedly detected at these three positions"*”. The
strain of LIG on the PDMS substrate can reach 100% without extra structure design"*”. Thanks to these
favorable features, it is expected to be an important electrode option for future wearable electronics.
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Gas sensor

LIG is a promising material for gas detection due to its huge surface area (320 m’/g"'), which contributes to
the strong interaction with the gas. In this interaction, the absorption and desorption of the gas contribute
to the convective heat exchange, causing the resistance variation of LIG" [Figure 9A]. In particular, the
resistance variation is dissimilar for various gases due to the different thermal conductivities of the gases.
Employing these advantages, various gas sensors for environmental monitoring and gas leakage detection
have been studied in the past decade””. As exhibited in Figure 9B, a gas sensor was fabricated to detect
hazardous gases, such as NO,""*. On this basis, Stanford et al. optimized the above structure, which is
composed of LIG wire with large resistance and LIG electrode with small resistance!™ [Figure 9C]. In this
structure, the heat is mainly concentrated at the location of the LIG wire, which is helpful for the
improvement of sensitivity. This sensor can detect various gases, including oxygen, air, and helium, and has
good stability in sensitivity over multiple cycles"* [Figure 9D]. By adjusting process parameters, the hole
size and sensitivity can also be modulated. Besides, LIG method allows the preparation of sensors on
different flexible substrates, such as polyimide, PDMS"*, and textile"*”, thus significantly broadening
application ranges. These resistive gas sensors are suitable for most gases (e.g, toxic, combustible, and inert
gases). However, the sensitivity is small for gases with poor thermal conductivity [e.g., Ar with a thermal
conductivity of 25 mW/(m-K)]. Besides, it is not possible to distinguish between gases with close thermal
conductivity (e.g., oxygen, air, and N,).

In addition to resistive gas sensors, another type of electrochemical gas sensor has been developed in recent
years, which converts chemical energy into electrical energy. This type of gas sensor is only suitable for
gases that can undergo redox reactions. As a typical example, Dosi et al. demonstrated that the LIG-based
electrochemical sensor can be used to detect methane, ethane, and propane"*’. For alkane gases, the
electrochemical signal varies greatly due to electro-oxidation reactions. Due to the differences in the
reaction rates for different alkane gases, the electrochemical signal is varied. Based on this mechanism, the
capacitive gas sensor is another option for gas detection. As illustrated in Figure 9E, methane and oxygen
are electro-oxidized to carbon dioxide and water under the catalytic effect of Pd nanoparticles, resulting in
the variation of current. This current is linearly related to the concentration of methane, ethane, and
propane*. Compared to currents in three gas conditions [Figure 9F], it can be found that the sensitivity of
methane is the highest due to its fastest oxidation reactions. The sensitivity of methane decreases in humid
conditions, mainly because water reduces the reaction rate. Therefore, the hydrophobic property is
necessary for the stable performance of the devices. Besides, the performance of the gas sensing can be
further improved by enhancing the electrochemical property of LIG. Compared to resistive gas sensors,
electrochemical gas sensors can distinguish gases with close thermal conductivity (e.g., ethane and
propane). However, they are not suitable for the detection of common gases (e.g., NO,, N,, and He).

Pressure sensor

When subjected to pressure, the decrease in hole spacing leads to a decrease in the resistance of LIG!****!
[Figure 10A], showing a different principle from that of traditional piezoelectric sensors"*. Table 1
illustrates the performance comparison of LIG-based pressure sensors with others"*"*. As can be seen,
there are three advantages of LIG-based pressure sensors. Firstly, LIG can be directly used as sensing
material, simplifying the multilayer structure of the traditional piezoresistive sensor. Secondly, despite the
lower sensitivity of the LIG-based pressure sensor, it shows a larger linear range (e.g., 10-100 kPa in
Figure 10B). Thirdly, LIG is embedded in the substrate, which avoids interface mismatch between the metal
electrode and the substrate. Thanks to these features, various LIG-based pressure sensors have emerged in
recent years for different applications.
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Table 1. Performance comparison of LIG-based pressure sensors with others

Sensitivity

Sensing mode Materials (kPa™) Linear range (Pa) Ref.
Resistive LIG/ecoflex 1.28 2-800 [89]
Resistive LIG/PDMS 0.00123 10-100 k [141]
Resistive LIG/ cardboard 0.563 10-50 k [143]
Resistive Pl/Mxene/silver/paper 509.5 0.5-10 k [144]
Resistive SWNT/PDMS 1.8 0.6-200 [145]
Resistive Au-coated paper/PDMS 114 13-5000 [146]
Resistive Carbonized silk 34.47 100-400 [147]
nanofiber membrane/PDMS
Capacitive rGO/SiO,/PEN 40.8 39-630 [148]
Capacitive LIG/PDMS 2.6 - [149]
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jum
jum

Vacuum
Vacuum

ARRex(%)

i, S il |
Tal o

LIG wire ,_ ::

\ LIG e:lectrodc 'g 1
e e o i

Current flow

Time(s)
0.14
E 02 ‘ CHa H2O&- F
- 4 (oo o) 0.12} e
O e
Porous PVDF 0 20.10F  Siope: 1.5 paippm .~
-~
+RTIL Layer EIO.OS- Methaney » < . _ -e
. . _ _:: - e
g 0.061 :.:F::.’Tl_ P
Cooaf -7
002_ Methane in humid air
Porous Laser Induced Graphene 00 10 2b 3b 4‘0 sb
e PANP ® PVDF () RTIL Concentration of gas(ppm)

Figure 9. Design of LIG-based gas sensor. (A) Mechanism of resistive sensors for gas detection. Reproduced with permission™®".
Copyright 2019, American Chemical Society. (B) Photograph of the resistive gas sensor°”. Copyright 2020, American Chemical
Society. (C) Schematic diagram of the resistive gas sensor with optimized structure. (D) Cyclic test of the resistive gas sensor in the
environments of vacuum, air, and helium™®.Copyright 2019, American Chemical Society. (E) Mechanism of electrochemical gas
sensors for the detection of methane. (F) Correlation of the current with the gas concentration for methane, ethane, propane, and
methane in the humid air. Reproduced with permissionmm.Copyright 2019, American Chemical Society.

Traditional electronic skin can only monitor physiological signals but cannot independently perform
alarms. Utilizing the above effect, Chen et al. fabricated a dual-functional electronic skin that consists of
health monitoring and self-alarm"*”. When the LIG-based sensor is placed on the mask near the nose, the
regular breathing of the human causes the LIG electrode to be subjected to periodic pressure, thus resulting
in the periodic variation of the resistance. Meantime, the generated Joule heat results in the expansion of the
surrounding air when a voltage is applied, thus generating sound waves. As shown in Figure 10C, the
resistance shows periodic variation for normal breathing, and the sound pressure is within the normal
range. Once the respiratory pause exceeds 10 seconds, sound pressure increases sharply, thus raising an
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Figure 10. Design of LIG-based pressure sensor. (A) Schematic diagram of the piezoresistive principle of LIG. Reproduced with
permission”*". Copyright 2020, The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Comparison of
sensitivity and linear range of LIG-based pressure sensors"™*" (Copyright 2020, The Authors. Published by WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim) and traditional piezoresistive sensors'** (Copyright 2021, American Chemical Society). (C) Resistance variation
and sound pressure of LIG-based sensor. Reproduced with permission[m].Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (D) Working Principle of the artificial throat. (E) Photograph of the artificial throat. (F) Different types of hums are detected
and transformed by the intelligent artificial throat. (G) The magnified diagram of the transformed sound. Reproduced with
permission’ " Copyright 2017, The Author(s), published by Nature.

alarm"*). The unique feature of sound pressure grants the traditional electronic skin an important alarm
function with no extra costs. In the future, more efforts are worthwhile to further explore the potential
applications of this unique feature in electronic skin.

In addition, this feature is also used in the fabrication of acoustic devices, such as artificial throats. As a
typical example, Tao et al. prepared an intelligent artificial throat that integrates sound generation and
sound detection in a single device via laser-carbonizing polyimide*”. For sound generation, the results
show that the artificial throat can emit a broad-spectrum sound from 100 Hz-40 kHz due to the high
thermal conductivity and low thermal capacitance of LIG. As for sound detection, the porous structure of
LIG is extremely sensitive to the weak vibration of the throat. On this basis, they combined the device with a
neural network approach [Figure 10D] to transform different volumes, frequencies, and durations of hum,
scream, or cough sounds into sounds with special meanings. The artificial throat can not only recognize
different tones but also decode different types of expressions from mute people, allowing them to speak rich
sentences'*” [Figure 10E-G]. This application opens up a new application of LIG-based flexible devices in
the wearable field, which is expected to have a significant impact in the fields of biomedicine and voice
recognition. For wearable acoustic devices, the choice of soft materials (e.g., PDMS and Ecoflex) as carbon
sources can effectively improve the conformability of electronic devices. As for the performance of the
device, it should be investigated in future studies.
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Electromagnetic devices

Although defects in LIG affect the electrical conductivity, these defects aggravate the polarization loss and
help to improve the electromagnetic interference performance (EMI). Meanwhile, the electrical
conductivity of LIG can be improved by heteroatom doping. Therefore, LIG is considered to be an excellent
electromagnetic material. According to the application fields of LIG-based electromagnetic devices, they can
be divided into radiofrequency antenna devices, electromagnetic shielding devices, terahertz wave
modulators, and terahertz imaging devices.

Radiofrequency antennas (e.g., coil antennas, dipole antennas, and microstrip antennas) are key electronic
devices in wireless technology, which have been widely used in energy harvesting and wireless
communication [Figure 11A]"*""*?. Generally, the electrical property of LIG cannot be used for antennas.
However, the modified LIG (e.g., Ag-doped LIG) effectively solves this problem. As a typical example,
Zhu et al. adopted Ag-doped LIG to prepare stretchable dipole antennas for wireless transmission"*.
Meanwhile, a rectenna that continuously harvests energy from external RF sources (e.g., 5G, microwave
oven, and Wi-Fi) can be prepared by connecting the dipole antenna and rectifying circuit. Silicone substrate
allows arbitrary deformation of a dipole antenna, such as stretching, bending, and twisting in Figure 11B.
Significantly, the radiation property of the serpentine dipole antenna is independent of deformation (e.g.,
bending and twisting in Figure 11C)"*", which is important for wearable radiofrequency antennas. LIG-
based antennas with large fracture strain and simple fabrication procedures show similar performance to
traditional metal-based antennas™, thus greatly facilitating the great development of wearable
radiofrequency antennas.

The randomly distributed holes increase their absorption of electromagnetic waves by multiple reflections
of electromagnetic waves [Figure 11D], thus enabling LIG to be an excellent electromagnetic shielding
material. As a typical example of electromagnetic shielding devices, Zang et al. prepared porous composites
of Mo/LIG on fibrous filter paper. By laser irradiating both sides of the film, EMI shielding effectiveness is
doubled"*”. Besides, improving the electrical property of LIG also enhances the performance of the device.
Yin et al. deposited nickel nanoparticles on the surface of LIG by electrodeposition"* [Figure 11E]. As the
deposition time increases, the average absorption ratio (ratio of absorbed electromagnetic waves to
transmitted electromagnetic waves) increases, while a decrease in absorption ratio occurs by further
increasing the deposition time to 50 minutes [Figure 11F]. This is because excess nickel nanoparticles lead

[157] and

to a reduction in impedance matching"*". Similarly, other methods (e.g., large power density
heteroatom doping™*) can also be used to enhance the performance of LIG-based electromagnetic

shielding devices.

Terahertz is an electromagnetic wave with frequencies ranging from 0.1 THz to 10 THz, which has been
widely investigated in recent years due to its great advantages in the fields of communication,
environmental monitoring, and medical healthcare"*”. However, the development of terahertz technology is
still in its infancy because of bulky optical modulation elements and the lack of natural materials in this
band"*’. Recent studies have shown that LIG is a potential material for terahertz applications. Wang et al.
prepared LIG-based terahertz wave modulators™' [Figure 11G]. Using the THz focal plane imaging system,
they demonstrated that the level of reflected terahertz waves from LIG is comparable to that of a silver
mirror in the frequency band of 0.3~0.9 THz, which provides a new approach for the low-cost preparation
of terahertz wave modulators™. Despite the great advantages of LIG, there are few reports on the
application of LIG in terahertz technology. As a next-generation communication technology, the research
on the application of LIG in terahertz fields may be a popular research direction in the following years.
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Figure 11. Design of LIG-based electromagnetic devices. (A) Schematic diagram of radiofrequency antennas for wireless
communication. (B) Photographs of the stretchable dipole antenna in different deformation states. (C)Variation of S11in different states
of undeformed, bending and twisting. Reproduced with permission™.Copyright 2021, Elsevier. (D) Schematic diagram of
electromagnetic shielding of LIG'™. Copyright 2020, Elsevier. (E) Variations of EMI shielding efficiency with frequency for different
deposition times. (F) Absorption and reflection ratios for different deposition times. Reproduced with permission*®". Copyright 2021,
Elsevier. (G) Terahertz focal plane imaging system. (H) Photograph of LIG-based Fresnel zone plates with different geometric sizes.
Reproduced with permission®®. Copyright 2020, Optical Society of America.

In addition to modulators, LIG can also be used for terahertz imaging devices. For example, various Fresnel
zone plates with different geometric sizes can be easily fabricated, as shown in Figure 11H. Experimental
results show that the focusing effect of the Fresnel zone plate gradually increases as the design focal length
decreases. The measured terahertz field distribution agrees well with the measured field-intensity
distribution at the focal plane™. This application only shows the great potential of LIG in terahertz imaging
devices, including low-cost fabrication, easier pattern process, and excellent imaging results. However, the
effect of LIG properties on imaging quality has not been studied. Besides, the effect of carbon sources on
imaging quality is also unknown.
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Energy storage devices

Nanogenerator

The facile fabrication of LIG electrodes can significantly simplify the preparation process of traditional
metal electrodes and reduce the preparation cost. Meanwhile, LIG exhibits excellent electrical properties
and good flexibility. Generally, nanogenerators need to withstand thousands of repeated bends, thus
resulting in the easy electrode dislodgement of traditional metal-based nanogenerators with poor adhesion
between the metal and the flexible substrate!*. As for LIG, it is embedded inside the substrate. This special
structure effectively avoids the above problem. Taking advantage of these features, LIG is considered to be a
promising electrode material for flexible nanogenerators, which can convert mechanical energy into usable
electrical energy. According to their working principles, nanogenerators can be classified into triboelectric
nanogenerators and hydroelectric nanogenerators.

As a pioneering study, Tour et al. fabricated LIG-based triboelectric nanogenerators. Figure 12A illustrates
its working mechanism in detail. When tribo-negative material (e.g., polyimide) comes in contact with
tribo-positive material (e.g., aluminum), current flows from LIG to aluminum due to the charge exchange
that occurs at the interface. When these two layers are separated, the potential difference will cause the
current to flow from aluminum to LIG. The device exhibits excellent performance with an open-circuit
voltage greater than 3.5 kV and a peak power greater than 8 mW, which is similar to that of metal-based
triboelectric nanogenerators'®.. In addition to polyimide, other carbon sources (e.g., cork) can also be used
. The transfer of LIG to silicone rubber allows the
preparation of wearable triboelectric nanogenerators for converting the mechanical energy of human
| In addition, other small mechanical energy
can also be converted into electricity, such as the movement of water droplets in Figure 12B"*"\. The facile
and low-cost preparation of LIG has greatly promoted the development of triboelectric nanogenerators,
which is expected to become the most widely used electrode of triboelectric nanogenerators in the future.

163

to prepare electrodes for triboelectric nanogenerators!

[164

movement (e.g., movement of limbs) into electrical energy

In addition to triboelectric nanogenerators, LIG-based hydroelectric nanogenerators were also developed by
utilizing the tunability of the hydrophilic/hydrophobic properties of LIG [Figure 12C]"*\. The oxidation
degree of LIG is adjusted by controlling the process parameters, thus enabling LIG electrodes with gradual
variations in hydrophilic/hydrophobic properties. In humid environments, variation absorptions to the
water result in gradient proton distribution, inducing an internal electrical field. As the external relative
humidity decreases, the gradient of the proton distribution diminishes. Employing this principle,
Huang et al. prepared a mask that uses human respiration to generate electricity!*’. Human inhalation and
exhalation cause the nanogenerator to produce regular voltage fluctuations, as shown in Figure 12D"*\. This
study provides a new scheme for the design of LIG-based nanogenerators, which merits more in-depth
study in the future.

Self-powered LIG-based integrated devices that combine nanogenerators and sensors have been a popular
research direction of LIG in recent years. In this area, Cheng Huanyu’s group has done a lot of exploratory
work""”. As a typical case, Zhang et al. prepared self-powered wearable electronic devices by integrating
LIG-based triboelectric nanogenerators, sensors, supercapacitors, and wireless Bluetooth modules"””

167

[Figure 12E]. The triboelectric nanogenerator is used to convert the intermittent mechanical energy of the
human into electrical energy stored in a supercapacitor, the sensor is used to monitor the physiological
signals of the human, and the Bluetooth module is selected to wirelessly transmit the signals to the
interactive interface of mobile terminals (e.g., cell phones). This integrated device can monitor a variety of
human physiological signals, such as blood oxygen in Figure 12F and ECG signals in Figure 12G, exhibiting

[167]

its great potential for medical health and safety monitoring"*”.
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Figure 12. Design of LIG-based nanogenerator. (A) Working mechanism of triboelectric nanogenerator®*. Copyright 2019, American
Chemical Society. (B) Current generated by drops of water falling at different heights[m].Copyright 2022, Elsevier. (C) Working
mechanism of hydroelectric nanogenerator. (D) Voltage variations caused by inhalation and exhalation. Reproduced with
permission®®. Copyright 2020, American Chemical Society. (E) Schematic diagram of LIG-based integrated devices. (F) Blood oxygen
detection via self-powered, integrated LIG-based devices. (G) ECG signal detection via self-powered, integrated LIG-based devices.
Reproduced with permission™™®”’. Copyright 2022, Author(s), published by Applied Physics Reviews.

Supercapacitor

The porous feature of LIG can effectively improve the contact area between electrode and electrolyte, while
hydrophilic LIG can make full contact between electrode and electrolyte, thus enabling the improvement of
specific capacitance. Besides, diverse approaches can be adopted to further improve specific capacitance,
including oxygen-free processing environments* and heteroatom doping"***". Due to the transferable
property of LIG, it can be transferred to silicon rubber to prepare wearable supercapacitors. Facilitated by

these features, the research on LIG-based supercapacitors has been a very hot research direction in recent
years.
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The general preparation process of LIG-based supercapacitors is as follows: (1) a laser is first used to
prepare patterned electrodes on the polymer substrate; and (2) an electrolyte is added to complete the
fabrication of devices"*”. The effective operating voltage of supercapacitors is generally around 1 V***, which
may be different from the operating voltage of daily electronic devices. To solve this issue, the series/parallel
schemes of supercapacitor can be adopted [Figure 13A], i.e., the series connection increases the operating
voltage [Figure 13B] while the parallel connection is for the improvement of device performance'*
[Figure 13C]. On this basis, Peng et al. prepared a flexible solid-state energy storage device with an area-
specific capacitance of 9 mF/cm® at a current density of 0.02 mA/cm’ by vertically stacking LIG-based
supercapacitors"®. As proof of practical application, 5 V USB charging can be achieved by connecting five
supercapacitors in series"” [Figure 13D]. Besides, composite electrodes by heteroatom doping can
effectively enhance the performance of LIG-based supercapacitors****"*"). For instance, Li et al. found that
the asymmetric flexible supercapacitors with LIG-MnO, and LIG-FeOOH possess high specific capacitance
and good cycling stability!”, i.e., the fabricated supercapacitor still has more than 90% capacitance
retention after 10,000 bending tests. In addition, the performance of the LIG-based supercapacitor can also
be improved by selecting an oxygen-free processing environment'®.

LIG electrodes can be easily transferred to other substrates. Based on this property, Song et al. fabricated a
wearable supercapacitor by transferring LIG on polyimide to PDMS"”” [Figure 13E and F]. The specific
capacitance of the wearable supercapacitor maintains over 90% after one thousand times of stretching and
twisting cycles"”” [Figure 13G]. However, LIG is susceptible to external forces during the transfer process,
which results in electrode breakage. Another approach is to first prepare LIG as a powder and then pattern
it onto the target substrate””. Compared to the first approach, the variety of substrate types is greatly
increased from polymers to textiles, but the preparation process is more complicated. The current research
on LIG-based supercapacitors has demonstrated the great advantages of LIG. However, the preparation of
LIG electrodes on an industrial scale remains a great challenge due to their easy destruction during the
preparation process.

In self-powered electronic devices, supercapacitors are generally used as energy storage devices to store the
electrical energy generated by energy harvesters. For example, Zhang et al. fabricated self-powered
stretchable systems, which include stretchable nanogenerators for electricity generation, supercapacitors
with high storage energy, and strain sensors for measuring signals'* [Figure 13H]. The electricity generated
by nanogenerators charges the supercapacitor via a rectifier, which can be significantly increased by
connecting multiple supercapacitors in parallel*”. In addition, the supercapacitor can be used to store
electrical energy generated by other energy harvesters, such as solar panels®™.. This versatility for energy
harvesters has facilitated the large-scale application of LIG-based supercapacitors. Currently, the
development of LIG-based integrated systems is still in its infancy. In the future, the potential of LIG-based
supercapacitors in self-powered electronic devices is worthy of further exploration.

Battery

In addition, LIG has also found its application in batteries in recent years, including the fuel battery, button
battery, and lithium battery"”'"””. As an application example of the fuel battery, Tours prepared a
rechargeable Zn-air battery with metal oxide/LIG composite materials as an electrocatalyst [Figure 14A],
which utilizes the hydrophilic property and porous structure of LIG. The composite materials show high
activity for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) in alkaline electrolytes,
exceeding the catalytic performance of traditional Pt or RuO, in Zn-Air battery. Two zinc-air batteries were
connected in series to illuminate the LED [Figure 14B]. Besides, the fuel battery has good stability due to the
excellent ORR/OER activity of the fabricated LIG electrocatalyst"” [Figure 14C]. Other materials (e.g.,
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Figure 13. Design of LIG-based supercapacitor. (A) Photograph of LIG-based supercapacitor™®®. Copyright 2021, Elsevier. (B)
Comparison of cyclic charge/discharge performance of single and series-connected supercapacitors. (C) Comparison of
charge/discharge performance of single and parallel-connected supercapacitors. Reproduced with permission"”. Copyright 2015,
American Chemical Society. (D) 5 V USB charging by connecting five supercapacitors in series"’®. Copyright 2019, American Chemical
Society. (E) Photograph of LIG-based wearable supercapacitor. (F) Schematic diagram of transferring LIG to silicone rubber. (G) Cyclic
test of the wearable supercapacitor (-1000 stretching and twisting cycles). Reproduced with permission'’?. Copyright 2017, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (H) Schematic diagram of self-powered stretchable systems™*. Copyright 2021, Elsevier.

natural wood"*") have been proven to be used for the fabrication of the LIG electrocatalyst. Besides, the
performance of the LIG electrocatalyst can be improved by heteroatom doping"»'”'"*.

Button batteries have a wide range of applications in electronic devices due to their portability. Employing
the features of porous structure, hydrophilic property, and tunable electrochemical property of LIG,
Aslam et al. prepared a button battery with LIG as the anode!”. Before folding, the LIG is first soaked in the
electrolyte to ensure full contact of LIG electrode with the electrolyte, and then the lithium foil, electrolyte,
separator, electrolyte, and LIG are stacked on the spacer to assemble the button battery, which is exhibited
in Figure 14D in detail. By annealing LIG at 400 °C, the internal resistance of the button battery can be
reduced [Figure 14E], enabling an improvement of reversible specific capacitances"”. This pioneering
application opens up a new area of LIG application. Compared to traditional metal electrodes, LIG is much
cheaper, which is helpful for the low-cost fabrication of the commercial button battery.
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Figure 14. Application of LIG in the field of battery. (A) Schematic diagram of Zn-Air battery. (B) Two zinc-air batteries connected in
series to illuminate the LED. (C) Cyclic tests of the LIG-based zinc-air battery. Reproduced with permission'”®. Copyright 2019,
American Chemical Society. (D) Schematic diagram of LIG-based button battery. (E) Effect of annealing on electrochemical impedance.
Reproduced with permission’?. Copyright 2019, Elsevier. (F) Schematic diagram of the deposition process of Li. (G) SEM image of Li
during deposition. (H) Performance comparison of deposition on LIG and bare Cu. Reproduced with permission“sm.Copyright 2019,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Although the prepared LIG has many defects, these defects are favorable to the deposition of metals, such as
lithium, a common material in the battery. As a pioneering study on the use of LIG for the lithium battery,
Yi et al. adopted LIG to regulate the nucleation and deposition of lithium, resulting in the preparation of
stable lithium anodes"* [Figure 14F]. The lithium starts nucleation in LIG, but not on the exposed Cu
surface due to the reduction of the metal nucleation overpotential and acceleration of the kinetic rate of
metal nucleation [Figure 14G]. Compared to the lithium anodes grown on the bare Cu, the average
Coulomb efficiency and cycle numbers of LIG-based lithium battery are much higher*, as shown in
Figure 14H. This application demonstrates the unique advantages of LIG in the lithium battery, which can
help to improve the performance of the lithium battery that is already widely used in consumer electronics.
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CONCLUSION AND OUTLOOK

Laser-induced graphene, which features excellent physical and chemical properties, has attracted much
attention in fundamental research and practical applications of carbon-based electronics. Particularly, due
to its good flexibility, natural porous structure, fine electrical property, and excellent electrochemical
property, LIG is a promising material for flexible electronics. In the past 8 years, numerous efforts have been
devoted to mechanism research, preparation methods, and modification of LIG, which has pushed forward
its practical applications in various flexible electronic devices.

The mechanism studies show that a high-temperature and high-pressure environment are formed on the
surface of the polymer under laser irradiation. In this process, the polymer can be decomposed into
graphene as long as the required situations are satisfied (temperature greater than 2700 K). The
decomposition of the polymer is mainly induced by the photothermal effect for the laser with a wavelength
larger than 390 nm, while for wavelengths less than this threshold, it is a coupling of photothermal and
photochemical effects. Guided by the above mechanisms, the preparation of LIG has received great
development, including the diversity of laser and carbon sources, and property modulation of LIG. Many
experimental studies have shown that various laser sources ranging from ultraviolet laser to infrared laser,
could be used for the preparation of LIG. Besides, various carbon sources (e.g., thermoset polymers,
thermoplastic polymers, and natural polymers) could be selected to prepare LIG. Although the preparation
process of LIG is simpler than that of the CVD method, the quality of LIG is much lower. To solve this
problem, the method of property modulation has become an important and popular research direction in
recent years, including process parameters, processing environment, and heteroatom doping. By altering
process parameters, the hole size, LIG thickness, and square resistance can be controlled. The variation in
the processing environment from oxygen-containing to oxygen-free causes a change from hydrophilic to
hydrophobic, with a decrease in resistance due to the oxidation of LIG. As for the method of heteroatom
doping, it is a widely used method to modulate the electrical, electrochemical, and hydrophilic/hydrophobic
properties of LIG. The diversity of laser and carbon sources as well as the plentiful modification methods of
LIG has contributed to the broad applications of LIG-based electronic devices [Table 2].

Facilitated by the above favorable advantages of LIG, the application of LIG-based flexible electronic devices
in various fields has witnessed rapid development in recent years, which can be divided into four categories:
actuators, sensors, electromagnetic devices, and energy storage devices. Due to the excellent absorption
property of LIG for light, it can be used for the preparation of the photothermal actuator, thus providing a
new route for the preparation of the actuator. The electrothermal actuator is also an important application
for LIG flexible electronics, which can be reversibly deformed into different 3D structures, opening up new
revenue for the low-cost preparation of reconfigurable soft robots. Interestingly, the defects of LIG are
beneficial for sensing. For example, they help to improve the sensitivity of strain sensors, gas sensors, and
pressure sensors, thus improving the performance of flexible sensors. In addition, LIG has found its
applications in the field of electromagnetic devices, including radiofrequency antenna devices,
electromagnetic shielding devices, terahertz wave modulators, and terahertz imaging devices. Moreover, the
defects of LIG are helpful to heteroatom doping, resulting in its broad applications in the field of energy
storage (e.g., supercapacitors and batteries).

Despite the favorable results mentioned above, there are four drawbacks to the preparation and application
of LIG. Firstly, point-to-point exposure is time-consuming with a low processing efficiency. In particular, a
multiple scanning scheme must be used for electrodes larger than the spot, thus resulting in poor
homogeneity of the electrode due to the inevitable overlap of carbonization locations. Meanwhile, most LIG
is prepared by laser with Gaussian spot, which results in more pronounced inhomogeneities of the
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Table 2. Preparation of LIG and its application
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Is.:ls::e Carbon source ::saitslil:;isc:; LIG (thickness and square Application Performance Ref.
10.6 um laser PDMS 200 pm Photothermal actuator 6.6 s of continuous irradiation to drive the gear [100]
10.6 um laser Ph-ddm 26 um Photothermal actuator Response time of 0.48 + 0.14 s with a velocity of 11.05 + 0.87 [127]
mm/s
10.6 um laser Polyimide 35 pum Photothermal actuator The time required to increase the temperature from 35 °C to [131]
75°Cis9s
10.6 um laser Polyimide 20 um, 10 Q/sq Electrothermal actuator Response time of ~5 s [130]
355 nm laser Polyimide 5um Strain sensor Sensitivity of 19~26 [41]
10.6 um laser PEEK 50-60 um Strain sensor Sensitivity of 212.35 (2%-5% strain) [99]
10.6 um laser Polyimide 20 um Strain sensor Sensitivity of 1.33 (0%-60% strain) [134]
10.6 um laser Polyimide 49.2 um Strain sensor Sensitivity of 12.1(0%-5% strain) [133]
10.6 um laser Polyimide - Gas sensor Low detection limit of H, (4%) [136]
10.6 um laser Phenol-formaldehyde - Gas sensor Large response of -12®; Low detection limit of a few parts per [102]
resins billion
450 nm laser Polyimide 8-60 um Acoustic Sensors Broad-spectrum sound from 100 Hz-40 kHz [145]
10.6 um laser Paper - Electromagnetic shielding device EMI shielding efficiency of 20 dB [155]
10.6 um laser Polyimide 195 um, 327 um Electromagnetic shielding device EMI shielding efficiency of 55 dB [156]
450 nm laser Polyimide 25.5um, 48.3 um Electromagnetic 32.7dB [157]
shielding device
10.6 um laser Ph-ddm 40-70 um Electromagnetic shielding device Ultrahigh [158]
shielding efficiency (SSE/t) of 240123 dB cmz/g
450 nm laser Polyimide 78.4 um Terahertz wave modulators and imaging Transmission of 0.8 at a frequency of 0.28 THz [80]
device
10.6 um laser Polyimide 35 um, 40Q/sq Nanogenerator Open-circuit voltages > 3.5 kV and peak power > 8 mW [163]
10.6 um laser Polyimide - Nanogenerator Voltage ramps up to 300-600 mV [166]
within 3 s
10.6 um laser Ecoflex - Nanogenerator Maximum output power of 0.02 mW/cm? [1671
10.6 um laser Polyimide - Nanogenerator Power of 2.76 W/m’ [165]
405 nm laser Polyimide 12 um, 65 Q/sq Supercapacitor 213 F/cm3 [86]
405 nm laser Phenolic resins 67 um, 44 Q/sq Supercapacitor 0.78 mF/cmz; 93.78% of its initial value after 2000 cycles [101]
450 nm laser Polyimide 82 um Supercapacitor 0.62 mF/cm?; 90% of its initial value after 3000 cycles [168]
10.6 um laser Polyimide 25 um Supercapacitor 9 mF/cm? its initial value after 8000 cycles [169]
1064 nm Polyimide - Supercapacitor 998 mF/cm’; 98% of its initial value after 10,000 cycles [170]

laser
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10.6 um laser Polyimide
10.6 um laser Polyimide
10.6 um laser Polyimide
10.6 um laser Polyimide

532 nm laser Polyimide

60-70 um
100 um

30-50 um

Supercapacitor
Supercapacitor
Fuel battery
Button battery
Li battery
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0.79 mF/cmz; 96% of its initial value after 10,000 cycles
7125 mF/cm’

98.9 mW cm? charge/discharge cycles for >200 h
0.28mAh cmz; coulombic efficiency of 99%

10% capacity loss over 250 cycles; coulombic efficiency of 99%

(1721
[43]

[176]
[179]
[1801]

electrode. However, large-area fabrication of uniform electrodes is important in certain applications, such as conducting polymer films for the electrochemical
removal of heavy metal contaminants"*’. Secondly, although some methods (e.g., layer-by-layer ablation"* and laminated object manufacturing"*') have been
developed to fabricate various 3D structures of LIG, LIG-based integrated circuits with 3D structures have rarely been reported. One important reason is the
poor electrical property of pure LIG. Currently, composite electrodes of LIG/metal exhibit electrical property close to those of metals, but at the expense of
fabrication time and cost. In the future, more efforts should be devoted to the study of the carbonization mechanism, thus enabling high-conductive LIG
without metal doping. Thirdly, the main problem with commercializing self-powered LIG-based systems is that they cannot work for long periods of time.
Therefore, high-efficient LIG-based nanogenerators and low-energy-consumption electronic devices are necessary for its large-scale industrial application in
the future. Finally, for wearable/implantable electronic devices, the toxicity of LIG to humans is not known, which should be carefully investigated in the
future. With the continuous endeavors in this field, LIG-based flexible electronic devices will have brighter application prospects.
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