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ABSTRACT: Laser-induced graphene (LIG) has aroused a wide
range of research interests ranging from micro-nano energy devices
to the Internet of Things (IoT). Nevertheless, the non-
degradability of most-used synthetic polymer carbon sources
poses a serious threat to the environment. In this work, ecofriendly
chitosan-based derivatives, including carboxymethyl chitosan
(CMCS), chitosan oligosaccharide, and chitosan hydrochloride,
are successfully converted into LIGs for the first time via a
convenient one-step CO2 laser engraving at ambient air. The
obtained LIGs are characterized by a three-dimensional
hierarchical porous structure and exhibit good sheet conductivity.
The consecutive carbonization and graphitization mechanism of
target precursors induced by laser heat accumulation is also deeply
discussed. Besides, based on a mechanically reliable LIG/CMCS composite film and tribo-negative acrylic/polyimide anti-layers, two
contact-separation mode triboelectric nanogenerators are built and their power densities range from 1.44 to 2.48 mW cm−2. These
devices with long cycle life can be used for low-frequency mechanical energy harvesting and commercial capacitance charging, which
could be potentially applied in the wireless sensor network nodes. Such a family of chitosan derivatives paves a new route for LIG
synthesis and provides new ideas for ecofriendly LIG electronics.
KEYWORDS: laser-induced graphene, carbon precursor, chitosan derivatives, ecofriendly and biodegradability, triboelectric nanogenerator

Three-dimensional (3D) hierarchically porous laser-
induced graphene (LIG) has newly emerged as a hot-

pot material in physical, chemical, and engineering fields due to
its excellent electrical conductivity, large surface area, high
porosity, and superior mechanical and thermal natures.1−5

Based on the convenient direct laser-writing (DLW) method,
patternable LIGs can be easily obtained on numerous carbon-
rich polymer substrates with controllable surface micro-
structure, electrical conductivity, and other physicochemical
properties.6−9 Compared with conventional synthesis and
patterning routes such as lithography and chemical etching,
DLW does not require any masks, toxic chemical reagents, or
high energy consumption, which is highly favorable for the
large-scale and cost-efficient preparation of the 3D graphene
structure and corresponding microelectronic devices.5,10−13

On account of the unique superiority of the DLW technology
and outstanding performance of LIG, various advanced LIG
applications, including triboelectric nanogenerators (TENGs),
supercapacitors, batteries, sensors, etc., have been widely
developed, giving a huge boost to carbon-based micro-nano
electronics.14−22

Since the attractive LIG was first discovered on the
polyimide (PI) by Tour’s group,23 the synthesis and

functionalization of LIG have made great progress.24−26

Generally, the starting materials should be the most critical
factor in consideration for LIG electronics because they not
only are the carbon source depending on the composition,
microstructure, and property of obtained LIGs but also often
serve as the mechanical support and functional component to
assist corresponding micro-nano applications.2,27,28 For exam-
ple, the flexible PI substrate as both the LIG electrode
attachment layer and tribo-material was assembled into TENG
for energy harvesting and smart sensing.29−31 Up to now,
synthetic plastic polymers should be the most-used substrate
materials due to their good electrical insulation, mechanical
flexibility, chemical stability, etc.32−37 Based on the synthetic
plastics, it has also been revealed that the LIG formation
mainly involves laser-induced photo-conversion reaction, and
repeated aromatic groups within the polymer structure play a
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pivotal role.23,38,39 However, the non-biodegradable property
of plastic polymers poses a serious threat to the environment,
and the resulting synthetic polymer-based LIG devices will
exacerbate the rapid generation of electronic waste (e-waste).
Faced with the ever-increasing amount of e-waste, “green”

carbon-based devices are highly desired. Hence, for the
development of LIG electronics, it is of great significance to
explore natural or biodegradable carbon precursors to help
establish a more ecofriendly society. Renewable natural
biomass materials afford great potential for this environ-
mentally friendly goal. Based on this idea, LIG was first isolated
from natural plant pinewood,40 and subsequently, a series of
lignin/cellulose-rich materials, including wood, paper, cloth,
leaf, or even food, all demonstrated that they can be pyrolyzed
into LIG.40−45 Nevertheless, LIG formation from these natural
carbon sources still faces many obstacles. A major challenge is
that the lignin/cellulose component can be easily ablated or
burned into versatile gases in ambient air due to their
flammable nature, and special flame retardant treatment (such
as reduced/inert gas atmospheres and fire retardants) or
processing techniques (such as low-throughput multistep laser
and short-pulsed femtosecond laser) have to be adop-
ted,42,46−48 which increases the preparation cost and process
difficulty. In addition, the complex composition and irregular
shape of natural products also bring out serious variations in
LIG quality and properties in different batches, highly limiting
the large-scale preparation of target products with good
uniformity. For these reasons, the use of synthetic polymers in
numerous LIG applications has not been effectively reduced to
date. Therefore, developing ecofriendly carbon precursors
remains a pivotal task and a big challenge for ecofriendly LIG
electronics.
Chitosan (chitin) is a highly renewable natural polymer

material, widely found in marine crustacean shells (shrimps
and crabs, etc.) and second only to the cellulose on earth.49−52

Current utilization domains of chitosan-based polymers
(including chitosan and its synthetic derivatives) have involved
textile, agriculture, environmental protection, beauty care,
etc.50,53 Similar to cellulose, chitosan-based polymers also take
a hexagonal pyran ring as the core building unit (Figure S1),
which provides an intrinsic structural fundament (repeated
aliphatic units) for the possibility of LIG formation. Addition-
ally, chitosan-class polymers are not easily ablated directly into
volatile gases due to their excellent flame-retardant proper-
ties.54,55 Furthermore, chitosan derivatives with good water
solubility can be easily prepared into films with an extremely
uniform composition similar to synthetic plastics, which is
conducive to stable device preparation by the planar process.
Therefore, chitosan and its derivatives are a class of potential
carbon source precursors and may bring new opportunities for
LIG preparation and application. Most recently, Lin and co-
workers have employed a 5-axis laser processing platform to
prepare LIG conformal electronics on chitosan-containing
shells.56 However, the growth of LIG on curved shells appears
to be uneven and the transition from shell to LIG was not yet
revealed in depth. In this work, our efforts in the chitosan
polymer system have demonstrated that pre-prepared carbox-
ymethyl chitosan (CMCS), chitosan oligosaccharide (COS),
and chitosan hydrochloride (CSHC) films can be directly
converted into LIG via convenient one-step CO2 laser ablation
in an ambient atmosphere. The basic physicochemical and
surface properties of these obtained LIGs were also
characterized. Besides, based on the mechanically reliable

LIG/CMCS film, metal electrode-free TENG devices were
constructed for low-frequency machine energy harvesting and
ceramic capacitor charging. This work revealed a new class of
biodegradable LIG precursors and demonstrated the potential
micro-nano electronic application of fabricated LIG compo-
sites. Herein, we report the syntheses, characterizations, and
TENG applications of the target LIGs.

■ RESULTS AND DISCUSSION
Chitosan is an important natural organic precursor molecule
with many substitutable sites, and therefore, a good amount of
derivatives with unique characteristics can be obtained from
chitosan through oriented reactions.49,50,52,53 In this study,
three hydro-soluble derivatives (CMCS, COS, and CSHC,
Figures 1a and S2) were selected as potential carbon sources

for LIG fabrication. These three as-received powder samples
were fabricated into film substrates and then utilized to
implement laser pyrolysis, and the schematic in Figure 1b
concisely describes the whole process. As shown in Figure 1c,d,
the flatter CMCS film seems the best candidate for the planar
laser process and device fabrication compared with its other
counterparts with deformed and cracked surfaces. CSHC and
COS films have a certain degree of stress-induced deformation
and obvious brittle fracture, which can be attributed to their
weak plasticity and high sensitivity to stress variables such as
temperature and humidity. Long-term observation also found
that only CMCS film can maintain a high degree of mechanical
reliability and stability even when placed in an indoor
environment for several months. These as-prepared films
were then engraved by a facile commercial 10.6 μm infra-red
CO2 laser under an ambient atmosphere (Figure 1e), and a
more specific process is represented in the Experimental
Section.

Figure 1. (a) Three utilized chitosan derivatives and their
abbreviation. (b) Schematic of film fabrication of target polymers.
(c) As-prepared CMCS, COS, and CSHC films placed in plastic
dishes with a diameter of 66 mm. (d) Three cross-sectional types of
the resulting films. (e) Schematic of one-step CO2 laser reduction
carbonization. Photographs of (f) LIG/CMCS, (g) LIG/COS, and
(h) LIG/CSHC composite films with a 5.0 × 5.0 mm2 LIG square. (i)
Schematic of laser-induced structure evolution from chitosan
derivatives to 3D porous graphene. (j, k) Pictures of LIG patterns
on the CMCS film with arbitrarily designed shapes.
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The preliminary results revealed that these three species all
can be transformed into black and conductive LIG materials,
and Figure 1i displays the relative schematic diagram of
structure evolution from chitosan derivative molecule to LIG
networks. Figure 1f−h exhibits the photographs of the as-
fabricated CMCS-LIG, COS-LIG, and CSHC-LIG samples
obtained under the laser powers of 4.8, 5.6, and 5.2% (the
percentage is the duty cycle, and the rated power is 40 W),
respectively, and the resistance test suggested that they are
conductive squares, which will be systematically analyzed in
the later section. As shown in Figure 1j,k, except for the strict
square shape, the polymer substrates can also be easily
patterned with arbitrary shapes based on the designed routes
and the formed LIG conductive paths can be removed again by
laser cutting or laser pyrolysis, which indicate the good editable
property of engraved LIGs. Editable LIG circuits with
electrically insulated substrates are compatible with the planar
microelectronic process and could facilitate their application in
carbon-based micro-nano devices. Several physical and
chemical measurements were utilized to characterize these
one-step synthesized LIGs.
The transformation from carbon precursor to a few-layer

graphene structure was evidenced by the Raman spectra of
both chitosan polymers and corresponding LIGs depicted in
Figures 2a and S4. The G peaks (from 1582 to 1588 cm−1,
Table S1) along with the sharp 2D peaks (2665−2700 cm−1)
in Figure 2a reveal the characteristic bands of the graphene
network.57 These 2D band profiles are consistent with the
graphite-carbon structures with randomly stacked graphene
layers, thus confirming the formation of LIG.58,59 At the same
time, the obvious D (1341−1347 cm−1) and D + G peaks
propose that the porous LIG has an essential characteristic of
defective states.23 In addition, in terms of the crystalline quality
of present objectives, CMCS-LIG indicates a relatively larger
D/G peak intensity than COS-LIG and CSHC-LIG, and a
larger I2D/IG ratio of COS-LIG means that it has better few-
layer properties than CMCS-LIG and CSHC-LIG (Figure S5).
Notably, different experiment conditions will greatly affect the
quality and properties of resulting LIG products, which has
been widely demonstrated in both synthetic and natural
polymer systems.60,61

The microscopic morphologies of these three LIGs were
studied by secondary-electron scanning electron microscopy
(SEM) at different resolutions (Figure 2b−d). Under the
resolutions of 100 and 10 μm, it can be seen that they share a
similar porous structure with a mixture of strip-like and sheet-
like components, which is somewhat similar to the appearance
of coral reefs. However, CMCS-LIG and CSHC-LIG appear to
be more densified than COS-LIG because the latter presents
coarser strip units and larger porosity. Additionally, these LIG
structures all exhibit relatively rough edges, which could be
attributed to the ambient experimental circumstance and
excess oxidation of graphene structure.60 Their finer and more
microscopic images were further revealed at resolutions of 10
μm and 200 nm. CMCS-LIG is characterized by micron-sized
fiber where large amounts of aggregated carbon nanoparticles
are attached to the surroundings, whereas COS-LIG displays
spherical and porous sheet structures; as for CSHC-LIG, it still
features strip-like structures composed of snowflake subunits.
It has been proved that fibrous LIG has a large number of
defects, and the aggregated carbon clusters could be formed in
a lased-induced high-pressure environment.62 Cross-sectional
diagrams (Figure 2e−g) of these LIGs indicate that their
thicknesses are around 50−100 μm, and CMCS-LIG and
CSHC-LIG layers are denser, while COS-LIG has a more
porous structure. Moreover, the cracks inside the COS film can
also be observed (Figure 2f), which is consistent with the
previous description. Transmission electron microscopy
(TEM) measurements were also performed to deeply realize
their microscopic morphologies at the nanoscale, and ribbon
or sheet-shaped graphene structures were observed under
resolutions of 50 and 20 nm (Figure S6). Zoomed-in TEM
images further reveal the ripple-like wrinkled edges of the light
and thin LIG layers, which could be ascribed to the thermal
expansion during high-energy CO2 laser irradiation.

23 It can be
observed that CMCS-LIG and COS-LIG show relatively dense
stripes compared to CSHC-LIG with a thinner layering.
Moreover, the characteristic d-spacing of ∼0.34 nm can be
measured from the edges of adjacent flakes, corresponding to
the distance between (002) lattice planes of few-layer
graphene.23

The surface chemistry of as-obtained LIGs with correspond-
ing polymer substrates was also investigated by X-ray

Figure 2. (a) Raman spectra of the resulting CMCS-LIG, COS-LIG, and CSHC-LIG samples. The SEM images of (b) CMCS-LIG, (c) COS-LIG,
and (d) CSHC-LIG at four different resolutions (scale bars: 100 μm, 10 μm, 1 μm, and 200 nm). Cross-sectional images of (e) LIG/CMCS, (f)
LIG/COS, and (g) LIG/CSHC composite films.
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photoelectron spectroscopy (XPS) characterization. The
survey scan spectra in Figure 3a,b indicate the elemental
distribution and content change trend from precursors to
LIGs. For LIGs, the presence of non-metallic C, O, N, Cl, and
metallic Na (CMCS-LIG) could come from themselves or
unconverted substrates, or even be introduced from the
synthesis environment (O from the air), while other slight
elements, such as Si, F, Ca, and Mg should be impurities or
pollutants that originate from laser reaction and measurement
processes. A more specific percentage of content information is
counted in Table S2. The C/O atomic ratio of COS-LIG and
CSHC-LIG is significantly higher than that of their parent
compounds, confirming the loss of O atoms and the successful
carbonization and graphitization of carbon sources after DLW
treatment. Interestingly, CMCS-LIG discloses a conversely
lower C/O ratio than CMCS, which means that the laser
processing of CMCS in the air leads to relatively weak
carbonization and graphitization and the corresponding LIG
contains a large number of oxygen-containing groups.
Additionally, unlike non-metallic C and N elements that can
be released as gases such as CO and N2, metallic Na elements
as main impurities remain in the final products, and the
percentage is also increased. Given the high solubility of these
ions and anions, the compositions of the as-prepared films are
highly stable and can be measured. High-resolution C1s and
N1s spectra of LIGs were further deconvoluted into more
specific peaks to reveal diversified functional groups. The
deconvoluted high-resolution C1s (Figure S7a−c) spectra
could be fitted into C−C/C�C, C−N, C−O/C−O−C, N−

C�O/O−C−O, O−C�O, π−π*, etc. It can be noticed that,
except for the prominent C−C/C�C peaks, the oxygen-
containing groups are very abundant and occupy a
considerable proportion, which could originate from the
oxidized LIGs or unconverted precursors. In addition, the
oxygen element content of the CMCS-LIG is relatively higher
than those of COS-LIG and CSHC-LIG, following its high
defect-state content. Furthermore, the C−N is present in all
three LIGs, which can be ascribed to the unconverted polymer
components. Additionally, noteworthy is that CSHC-LIG
presents an almost negligible π−π* satellite peak, signifying
its fewer-layer structure compared to CMCS-LIG and COS-
LIG. These LIGs have relatively high nitrogen content and the
high-resolution N1s spectra disclose (Figure S7d−f) that, for
each sample, the pyridinic-N is the dominant component, as
well as a small amount of pyrrolic-N, while the quaternary-N is
almost negligible. These XPS analyses are very similar to that
of cellulose paper-based LIG.46

In comparison with a pure graphene structure, 3D porous
LIG with self-doped O and N elements often possesses more
unique chemical and physical natures, such as enhanced
hydrophilicity.63 Thus, the surface contact property of these
LIGs with water was also measured (Figure 3c−e). It can be
observed that the original contact angles for CMCS, COS, and
CSHC films are 48.42, 38.78, and 50.91°, respectively,
indicating their strong hydrophilic capacity. When the raw
materials are transformed into LIGs, the contact angles are
dramatically declined to 0°, unveiling remarkable super-
hydrophilic properties. The laser-induced graphitization leads

Figure 3. (a) Survey XPS spectra of CMCS, COS, and CSHC substrates, and (b) CMCS-LIG, COS-LIG, and CSHC-LIG films. The water droplet
appearance on the surface of (c) CMCS & CMCS-LIG, (d) COS & COS-LIG, and (e) CSHC & CSHC-LIG, respectively. The water droplet
appears to have a contact angle of 0° at all three LIG surfaces. The sheet resistance (RS) of square (f) CMCS-LIGs, (g) COS-LIGs, and (h) CSHC-
LIGs obtained at various laser powers ranging from 4.0 to 6.0% with a step of 0.4% (rated power: 40 W).
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to an apparent transformation from hydrophilicity to super-
hydrophilicity in chitosan polymer substrate interfaces. Their
super-hydrophilic ability should be ascribed to both good
chemical and physical adsorption abilities. On the one hand,
abundant O and N elements greatly facilitate the interaction
between water and surface due to the highly polar C−O/C�
O bonds and nitrogen-containing hydrophilic active sites;40,63

on the other hand, the porous sheet-like microstructures
(Figure 2b−d) with low roughness is proved to be beneficial to
the surface physical adsorption of LIGs because of the collapse
and impregnation of water droplets at the interface.60,64,65

These interface properties could facilitate their potential
applications in supercapacitor and water−oil separation, etc.5

Although different applications often require customized
LIGs with unique properties, low resistivity is applicable in
many situations to achieve high-quality micro-nano electronic
devices. Regulating the laser power while controlling for other
variables allows rapid access to the laser processing conditions
for low-resistance LIG.24 Here, based on the one-step laser
engraving, the effect of laser power on sheet resistance was
systematically evaluated. The precursor films were ablated
under laser powers from 4.0 to 6.0% with a step of 0.4%, and
the DLW speed and pixel step was set as 30 mm/s and 2,
respectively. As illustrated in Figures S8−S10, these lased
samples are carbonized within the defined power ranges, but
with the enhancement of the laser power, the charred squares
will be gradually damaged or even crumbled attributing to
excessive energy input. Hence, the threshold laser powers are
5.6, 6.0, and 5.6% for CMCS, COS, and CSHC, respectively.
The sheet resistance of these black squares was also measured
to roughly assess their crystalline quality and electrical
performance, and the results propose that most of them are
electrically conductive, except for some samples treated at too
small or too large powers (Figure 3f−h). The former can be
attributed to the inability to achieve graphitization at lower
laser power, while the latter should result from severe damage
to the samples. Overall, within the threshold power, the sheet
resistance gradually decreases with the enhancement of laser
powers for each set of samples. The minimum sheet resistance
of CMCS-LIG, COS-LIG, and CSHC-LIG is 2.2 kΩ sq−1, 33.9

Ω sq−1, and 12.7 Ω sq−1, respectively, under the corresponding
laser power of 4.8, 5.6, and 6.0%. The optimal sheet resistance
of COS-LIG and CSHC-LIG is comparable to most of LIGs
prepared by synthetic plastic or lignocellulose-based precursors
(Table S3), such as PI-LIG (15 Ω sq−1) and wood-LIG (10 Ω
sq−1),23,40 which demonstrates that chitosan derivatives based
LIGs possess good electrical properties, and chitosan-class
polymers are a promising family of carbon precursors for the
development of biodegradable LIG electronics. By comparison,
CMCS-LIG has a relatively high sheet resistance level
compared to its counterparts due to a lower degree of
graphitization and a highly defective crystalline structure.

The mechanism of LIG formation is related to the
interaction between the incident laser and carbon-containing
organic polymers. A cost-effective and facile commercial CO2
laser with high energy conversion efficiency and high reliability
is the ideal equipment for pyrolysis processing and LIG
preparation. It has been reported that long wavelength
continuous-wave (ultra-long pulse duration) infra-red CO2
laser (Figure 4a) can realize the LIG conversion of almost all
forms of known carbon sources under proper processing
conditions whether they are synthetic or natural high-
molecular polymers.5,8,66 It has been generally recognized
that localized high temperature and high pressure induced by
the energy accumulations of CO2 laser result in the break of
various chemical bonds of polymer molecules, and the release
of gaseous products and rearrangement of carbon atoms leads
to the formation of intermediate amorphous carbon and final
LIG networks during a very short transient time.23,38

Therefore, the direct transformation of chitosan-class polymers
to LIG is also expected based on laser heat accumulation-
induced consecutive carbonization and graphitization (Figure
4a). The conversion of mechanically stable CMCS into LIG
resulting from the intense photo-thermal effect was inves-
tigated in detail. As shown in Figure 4b, the Fourier-transform
infrared (FTIR) spectrum of the CMCS displays its character-
istic absorption bands at 3350 cm−1 (stretching vibration peak
of O−H/N−H), 2866 cm−1 (stretching vibration peak of C−
H), 1581 and 1400 cm−1 (stretching vibration peaks of O−
C�O), and 1049 cm−1 (stretching vibration peak of C−O−

Figure 4. (a) Schematic illustration of the mechanism of LIG formation from chitosan-class polymers. (b) FTIR spectra of CMCS and CMCS-LIG.
Raman spectra of CMCS-LIGs obtained at (c) different laser powers with a DLW speed of 30 mm/s and (d) recorded at different DLW speeds
with a laser power of 5.2%.
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H/C−O−C), which reveals that the absorption of 10.6 μm
(∼943 cm−1) CO2 laser by the CMCS film is mainly related to
the vibration absorption behavior of C−O−C/C−O groups.
The highly coherent laser can be absorbed by the CMCS and
converted into heat energy to create a local environment of
high temperature and high pressure, where all the original
chemical bonds were broken. The FTIR of generated CMCS-
LIG (Figure 4b) shows significant changes in absorption bands
(stretching vibration of O−H at 3743 cm−1, stretching
vibration of C�C at 1641 and 1566 cm−1, and stretching
vibration of C−C/C−O at 1425 cm−1) compared with the
mother compound, meaning the formation of new chemical
bonds and groups after laser treatment. As two key parameters,
the laser powers (from 4.0 to 5.6%) and DLW speeds (from 30
to 150 mm/s) were further selected to control the laser energy
density, and the Raman spectrum was employed to monitor
the effect of heat accumulation on LIG formation. The
conditionally engraved CMCS samples are depicted in Figures
S8 and S11. The power-independent Raman spectra (Figure
4c) exhibit that for the ablated CMCS samples with laser
power higher than 4.4%, D, G, and 2D peaks of graphene
structure can be simultaneously observed, while for the
CMCS-4.0% square, there is no obvious 2D characteristic
peak of few-layer graphene for single carbonization and lacking
a further graphitization. Combined with the sheet resistance
variation in Figure 3f, it can be speculated that sufficient laser
power density is indispensable for the formation of CMCS-
LIG, but too high a power will also reduce the quality of the
resulting graphene structure. DLW speed-independent Raman

spectra disclose the process of heat-dominated LIG formation
from another perspective. As illustrated in Figure 4d, in the
ranges of 150−90 mm/s, the curves display weak D and G
peaks with strong background levels from CMCS itself,
implying incomplete carbonization due to low energy densities
at excessive DLW speeds. When the speed reaches 60 mm/s,
the D and G peaks of ablated char are further highlighted. For
the CMCS-30 mm/s sample obtained at the highest energy
density, the D, G, and 2D peaks of LIG can be finally observed.
These Raman spectra well verify that the transformation from
CMCS to LIG networks is mainly driven by the laser-induced
photo-thermal effect, in other words, the chitosan-based
molecules with aliphatic repeat units are first carbonized into
amorphous chars in relatively low energy density, and can
trigger a further graphitization with more sufficient laser energy
flux, which is consistent to the mechanism of LIG formation on
PI and wood induced by CO2 laser pyrolysis.67,68

For the development of LIG electronics, researchers have
made a lot of exploration for polymer precursor materials.5

Indeed, precursors, as carbon sources, mechanical support, or
even functional layers, play multiple critical roles in the
syntheses and applications of LIG. With the discovery of
different starting materials, relative progress in synthesis
mechanism, laser processing method, and advanced applica-
tions have been also continuously expanded.2,11 Figure S12
displays the evolutionary relationship of three different
categories of hitherto discovered polymer precursors, and
their brief characteristics are listed. As a new family of
ecofriendly carbon sources, in comparison with synthetic

Figure 5. (a) Schematic of CS mode TENG, and (b) picture of real LIG/CMCS/Acrylic TENG device where the LIG/CMCS composite film with
the 20 × 20 mm2 LIG electrode is encapsulated by silver paste, copper wire, and tape. (c) Cross-sectional image of the new-fabricated LIG/CMCS
composite film for TENG devices. (d) Mechanism for power generation of LIG/CMCS-based TENGs. (e) VOC and (f) ISC of LIG/CMCS/Acrylic
TENG. (g) Peak voltage and peak power density as a function of load resistance for LIG/CMCS/Acrylic TENG (inset: bridge full-wave rectifier
circuit). Charging curve of (h) 0.01 μF and (i) 0.1 μF commercial ceramic capacitors generated by LIG/CMCS/Acrylic TENG.
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plastic polymers, chitosan-based polymers feature non-toxicity,
biocompatibility, and biodegradability; while compared with
lignin/cellulose-based materials, they are often fire retardant
and have a measurable and relatively consistent composition,
and thus, the corresponding LIG preparation just requires a
cost-effective one-step CO2 laser at ambient atmosphere
without any extra pretreatment, multiple lasing recipes, and
costly laser devices. It can be said that, to some extent,
chitosan-class polymers are well-compatible with the advan-
tages of both plastic polymers and lignocellulose-based
substances, achieving an ingenious balance. Chitosan-class
polymers effectively expand the family of LIG precursors and
provide a new chance for biocompatible and biodegradable
LIG electronics. As mentioned in the introduction, laser-
induced carbonization can be achieved as well using chitosan-
containing materials, but the irregular crab shell suffers from
the same problems as some cellulose-based natural materials
(such as potatoes). As seen in Figure S13a, although
graphitization occurs in local areas, others burn directly into
gray-white ashes. In other words, the irregular shape of the
shell leads to a visible difference in lased products, and it
reveals again that chitosan-based natural raw materials are
often not suitable for the large-scale production and systematic
study of LIG. It is also worth noting that no obvious
carbonization was observed on chitosan-5% acetic acid
substrate under any set of conditions (Figure S13b), perhaps
because the addition of acetic acid changes the ignition
temperature of the prepared composite film.
Chitosan-class polymers also have a series of other metrics as

the starting materials. First, the laser-induced graphitization of
chitosan-class materials will promote the utilization of
renewable chitosan resources. Second, thanks to the good
water solubility of most derivatives, except to be prepared into
uniform films for the planar compatible process like synthetic
plastics, it also provides the possibility of pre-doping of III/V
main-group elements (B and P, etc.) or other two-dimensional
materials (like MoS2) during the film preparation to obtain
LIG composites with designated improved properties. Third,
chitosan-based LIG devices are probably suitable for some
edible applications.42,69 Finally, chitosan-derived polymers
have originally been widely studied in the field of bio-
electronics and gel-electronics, etc., and therefore, combined
with 3D porous LIG, these kinds of composites are expected to
apply in more interdisciplinary fields. Of course, their
disadvantages are inevitable, for example, these films are
relatively easy to absorb moisture in the ambient environment,
which means that highly sealed packaging techniques or other
measures are required for some humidity-sensitive applica-
tions. Moreover, the flexibility of chitosan polymer films is
easily affected by the thickness and moisture content, etc., and
thus, large-scale uniform products require strict process
parameters. In addition, likewise, their mechanical, physical,
and chemical stability are relatively weaker than synthetic
plastic polymers. These shortcomings need to be further
adjusted according to specific applications.
TENG is an advanced and versatile electronic device that

can be utilized for environmental energy harvesting and self-
powered electronics.70−72 Chitosan-based polymers have been
considered promising and viable alternatives for most-used
synthetic plastics to achieve green TENGs and tackle the
challenges of recycling e-waste most recently.73 In this study,
to realize the potential electronic application of chitosan
derivative LIGs, based on LIG/CMCS film with high

mechanical reliability, two different dielectric-to-dielectric
TENGs (LIG/CMCS/Acrylic and LIG/CMCS/PI) were
constructed, and the corresponding schematic is depicted in
Figure 5a. The positive tribo-layer is on the top side and the
negative one is on the bottom side, placed parallel to each
other face to face and both fixed on the acrylic plates. The top
LIG electrode is connected to the ground by an external load,
forming a loop through which the current can pass. These as-
prepared TENG devices were fixed on the acrylic spring plates
(Figure 5b) and tested in a vertical contact-separation (CS)
mode (Figure S14). The common CS speed and distance are
500 mm/min and 5 mm, respectively, and a 20 × 20 mm2 LIG
electrode was fabricated on the top of the CMCS substrate
(Figure 5b). Figure 5c displays the cross-sectional SEM image
of the new-fabricated LIG/CMCS composite film for TENG
construction, where the thickness of CMCS film is about 360
μm and there is an approximately 50 μm LIG layer.

As shown in Figure S15a,b, the open-circuit voltages (VOC)
generated from the separation and contact processes are
ranging from −27.10 to 28.57 V and −22.80 to 28.57 V for
LIG/CMCS/Acrylic and LIG/CMCS/PI TENGs, respec-
tively. The corresponding short-circuit currents (ISC) were
simultaneously measured (Figure S15c,d), and their values
vary from −87.04 to 65.56 nA and −59.78 to 42.00 nA,
respectively. It can be seen that, in terms of VOC, there is no
obvious difference between LIG/CMCS/Acrylic and LIG/
CMCS/PI TENGs, which may be attributed to the strong
tribo-negative property of both PI and acrylic and CMCS film
with weak triboelectric performance constraints the interface
potential difference. For the ISC, however, LIG/CMCS/Acrylic
TENGs exhibit greater performance than that of LIG/CSHC/
PI, and acrylic seems a better choice to enhance the current,
which should be caused by the intrinsic resistance difference
between the two TENG devices. Overall, the voltage output
signals of all these TENGs are more stable than those of
currents.

The schematic diagram in Figure 5d reveals the principle of
triboelectric generation, and the labeled VOC and ISC diagrams
of LIG/CMCS/Acrylic TENG are used to assist in illustration
(Figure 5e,f). In the initial state, the upper and lower tribo-
layers are completely separated, and therefore, there is no
potential difference between them. When the tribo-positive
CMCS gradually contacts the tribo-negative acrylic/PI with a
certain pressure (pressed state), contact electrification will
occur between their contact interface because of the charge
exchange and transfer induced by their triboelectric difference.
Since acrylic/PI is more likely to capture electrons than
CMCS, acrylic/PI will appear negative due to the extra
electrons, and CMCS will accordingly lose an equal amount of
electrons and become positive. Notably, the charges on the
dielectric material are difficult to form an effective current and
can only be bound on both sides of the interface. Therefore, in
this stage, due to the electrostatic shielding effect, the potential
difference between the two tribo-layers is still zero and no
current is generated in the external circuit. Then, the external
force is tardily released and the tribo-positive CMCS is
gradually separated from the tribo-negative acrylic/PI (releas-
ing state). Consequently, the interface charge will not be
completely shielded, and the induced potential difference will
be formed. In the external circuit, to balance the electrostatic
field, a corresponding positive current will be generated from
the LIG electrode to the ground. After complete separation
(released state), the peak voltage will be temporarily
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maintained, and the charge in the external circuit is no longer
flowing, so the current returns to zero. When the tribo-layers of
the TENG recombine (pressing state), the output voltage will
increase in the opposite direction, and at the same time, a
negative current peak will be correspondingly generated, and
the current flows from the ground to the LIG electrode. These
TENGs are continuously cycled so that both voltage and
current generations are continuous alternating current signals.
Based on this principle and the output voltage results, a
comparative triboelectric series of LIG/CMCS, PI, and acrylic
can also be obtained (Figure S15e).
Subsequently, the internal resistance and the maximum peak

power density of these devices were also experimentally
obtained by adding a series of load resistors to the external
circuit. Figure S16 is the schematic of the test circuit and the
results are plotted in Figure S15f,g. These curves all display a
general trend that the peak voltage increases with the
enhancement of load resistances, and the peak power densities
rise first and then fall. As the load resistances increase from 10
to 1000 MΩ, the peak voltage ranges for LIG/CMCS/Acrylic
and LIG/CMCS/PI TENGs are 0.69−26.53 and 0.20−19.30
V, respectively. When the peak power density reaches the
maximum value, the corresponding load resistance is equal to
the internal resistance of the power source due to the
resistance matching. Hence, the maximum peak power density
of LIG/CMCS/Acrylic and LIG/CMCS/PI TENGs is
approximately 2.48 and 1.44 mW m−2, respectively, and the
corresponding internal resistance of them is on the order of
400 MΩ. These results indicate that the fabricated LIG/
CMCS composite film exhibits good potential for TENG
application.
Chitosan-class polymers and chitosan-based composites

have been extensively studied as tribo-positive materials to
build low-cost and ecofriendly TENGs (Table S4).73−76 In
terms of charge collection, costly metal films or metal
nanomaterials are still the most-used electrodes for almost all
chitosan-based TENG devices. The utilization of metal
materials also resulted in the generation of solid waste that
was not easily disposed of at the end terminal. The present
LIG offers a new opportunity for promising TENG electrodes
and is more conducive to the environment due to its relatively
good environmental compatibility. Compared with relative
studies reported before, the power performance of as-
presented TENGs with LIG electrodes is very close to or

larger than some purely unmodified chitosan-based TENGs
with similar structure designs and identical working modes.
For example, Kim et al. reported an Al/chitosan/FEP/Al
TENG with a maximum power density of 4.24 mW/m2 at the
load resistance level of 100 MΩ,77 and Wang et al. designed an
Al/chitosan/Kapton/Al TENG with a peak power density of
2.1 μW m−2 at the same resistance order of 100 MΩ (Table
S4).76 Although the conductivity of the LIG electrode is still
smaller than that of its metal counterpart, the intrinsic internal
resistance of the TENG device at the megohm level makes this
effect almost negligible. The performance of LIG-based TENG
devices is further compared. As displayed in Table S5, the
power density of LIG/CMCS/Acrylic and LIG/CMCS/PI
TENGs is relatively low and is only comparable with LIG/PI/
PMMA TENG with a common porous LIG electrode (2.4 W
m−2).78 On the one hand, the positive triboelectric property of
the CMCS film is much smaller than that of many plastic films,
and the smooth and unmodified surface is also not conducive
to the improvement of triboelectric performance. As can be
seen from Table S4, it is difficult for unmodified chitosan-
based polymer films to improve the performance of tribo-
electric generation, which is also an important challenge for
this class of degradable tribo-positive materials.73 On the other
hand, the morphology and quality of LIGs also affect the
power density of TENG. Lee and co-workers have
demonstrated that the TENGs based on ordinary porous or
short-fiber LIGs (similar to CMCS-LIG, Figure 2b) have
significantly weakened triboelectric generation ability com-
pared to the ones with long-fibrous LIGs.78 Therefore, the
main characteristics of both CMCS and LIG layers, including
their triboelectric sequence, film feature (such as thickness and
flatness), surface microscopic structure, etc., all directly affect
the final output performance of as-prepared TENGs.

As these TENGs can effectively collect low-frequency
mechanical energy, the superior LIG/CMCS/Acrylic TENG
with a bridge full-wave rectifier circuit (Figures 5g and S16)
was used to charge two commercial ceramic capacitors. The
initial contact force, spacer, and speed for target TENG are
∼10 N, 5 mm, and 500 mm/min, respectively. As depicted in
Figure 5h,i, the 0.01 μF capacitor can stabilize at 3.73 V after
∼35 s of charging, and the larger 0.1 μF one can reach ∼0.87 V
after charging 20 s. The long-time measurement (Figure 6a)
also discloses that the device can generate highly stable voltage
output after about 6340 s (∼3200 cycles) of continuous

Figure 6. (a) Long-time measurement of LIG/CMCS/Acrylic TENG for ∼3200 cycles. (b) TENG model for variable studies. (c) Speed
(frequency)-peak-to-peak voltage (VPP) curves of TENGs. (d) Relative VPP variation as a function of frequency change of two different TENGs and
the maximum value of frequency and VPP are selected as the references. (e) Distance (frequency)−VPP curves of TENGs.
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working. These results mean that the as-fabricated chitosan
polymer-based TENGs with LIG electrodes have stable and
fast abilities to collect low-frequency mechanical energy in the
environment, which is expected to power the rapidly increasing
number of intelligent sensing nodes of the wireless sensor
network (WSN) and reduce the dependence on energy storage
devices such as batteries in the Internet of Things (IoT) era.
Finally, the impact of frequency ( f) and CS distance (d) on

the output performance of the TENGs was evaluated in more
depth. The effect of frequency was explored first when keeping
the initial pressure of ∼10 N and a CS distance of 5 mm. The
frequency change was achieved by maintaining the distance
while setting different motor speeds (ν) based on the formula:
f = ν/2d (Figure 6b). The output voltage was chosen as the
dependent variable because of its periodic stable signal. As can
be seen from Figures S17a,b and 6c, for these TENGs, with the
gradual increase of CS speeds from 25 to 500 mm/min or
frequencies from 0.042 to 0.833 Hz, the output voltages
correspondingly rise ranging from 9.61 to 55.67 V and 13.42 to
50.79 V for LIG/CMCS/Acrylic and LIG/CMCS/PI TENGs,
respectively. It is also indicated that all these devices can
efficiently capture mechanical energy even at exceptionally low
frequencies (0.042 Hz), and the output signals are still stable.
This frequency−voltage relationship could be ascribed to that
the contact or separation of two tribo-layers is accelerated at a
relatively higher operating frequency, and the rapid transfer of
the induced charges leads to the boost of charge density and
current. In the non-ideal open-circuit state, the voltage has a
similar response. Nevertheless, there is a limit to this effect, and
the peak-to-peak voltage (VPP) will gradually tend to saturation
(Figure 6f). As the frequency approaches the maximum set
value, LIG/CMCS/Acrylic TENG has shown significant
voltage saturation, while another one maintains a slight upward
trend. Given the positive correlation between frequency and
VPP, these TENGs can also realize voltage-type frequency
sensing functions. Therefore, after further data processing, the
curve of VPP variation (ΔVPP/max(VPP)) with frequency
change (Δf/max( f)) is shown in Figure 6d, where the highest
frequency and its corresponding VPP are selected as the
references. The slope changes reveal that these devices have
higher gauge factors (GF, the slope of the curves) in the low-
frequency region, and the GF will approach zero as the
frequency gradually increases to the maximum reference value,
which means that the frequency change in the low-frequency
range will cause a more pronounced voltage variation. In the
low-frequency interval, where Δf/max( f) belongs to (0.9,
0.95), the maximum GF value of LIG/CMCS/Acrylic and
LIG/CMCS/PI is 0.16 and 0.12, respectively, indicating an
excellent voltage response of these voltage-type TENGs for
mechanical frequency changes.
Based on the same initial pressure (∼10 N) and CS speed

(500 mm/min), their output voltages at different distances
were also measured. The results are displayed in Figure S17c,d
and further collated in Figure 6e. As the interval decreases
linearly (minus just means direction), the frequency also
decreases in an inversely proportional function on account of d
= ν/2f, therefore, the effects of both distance and frequency
should be considered simultaneously. As the spacer ascends
from 5 to 25 mm, the VPP of LIG/CMCS/Acrylic TENG
remains constant at 55.67 V and that of LIG/CMCS/PI also
climbs from 51.87 to 53.65 V with a very small slope. From
another perspective, a relatively stable voltage response
corresponds to a very sharp frequency change from 0.84 to

0.14 Hz. It could be validly inferred that in the range of 5−25
mm, the distance factor plays a more critical role in the output
performance than frequency, and especially for LIG/CMCS/
Acrylic TENG, only a spacer of 5 mm can saturate the output
voltage. This positive distance−voltage effect could attribute to
the fact that the induced potential difference grows with the
spacer, which promotes the flow of electrons in the external
circuit and thus improves the triboelectric output of TENGs.
These variable studies (Figure 6c−e) reveal that whether PI or
acrylic was a tribo-negative dielectric layer, the devices
responded to parameter changes in a highly consistent way,
thus demonstrating the high reliability and reusable capability
of the LIG/CMCS composite film.

■ CONCLUSIONS
In summary, chitosan-class derivatives are discovered as the
new generation of ecofriendly LIG carbon precursors, and
based on the as-fabricated CMCS, COS, and CSHC films, the
desired LIG products can be easily obtained using a facile one-
step CO2 laser in the ambient atmosphere. The physicochem-
ical and interface properties of as-obtained CMCS-LIG, COS-
LIG, and CSHC-LIG are also characterized. The results exhibit
that they are featured by the obvious 3D hierarchical porous
structure and super-hydrophilic interface property and possess
excellent sheet resistance performance (33.9 Ω sq−1 for COS-
LIG and 12.7 Ω sq−1 for CSHC-LIG), which are comparable
to other carbon precursor-derived LIGs. The consecutive
carbonization and graphitization mechanism of chitosan
derivatives are also experimentally monitored, and the
formation of LIG is directly related to the heat accumulation
produced by laser irradiation. In addition, based on the
mechanically reliable LIG/CMCS film, LIG/CMCS/Acrylic
and LIG/CMCS/PI TENGs are built, and their maximum
power densities are 2.48 and 1.44 mW m−2, respectively. These
devices can achieve stable low-frequency mechanical energy
harvesting and variable-controlled sensing, which is expected
to be used in WSN nodes and the IoT network. In brief, the
successful laser pyrolysis of chitosan-class derivatives in this
work will effectively expand the family of LIG precursors and
pave a brand-new way toward biofriendly LIG electronics.

■ EXPERIMENTAL SECTION
Reagents. Chitosan (DD ≥ 95%, Macklin), CMCS (BR,

Macklin), COS (MW < 3000, Shanghai yuanye Bio-Technology
Co., Ltd), CSHC (DD ≥ 95%, Macklin), and 36% acetic acid
(CH3COOH, AR, Aladdin). All these reagents were used as received
and not further purified. Cautions: High concentrations of the acetic
acid solution have a strong pungent smell, so it should be used in a
ventilated place, and wear a protective mask. (Abbreviations: DD,
degree of deacetylation; BR, biochemical reagent; MW, molecular
weight; and AR, analytical reagent.)

Film Fabrication. As the powder of chitosan derivative reagents
has very good water solubility, the films used in the experiment were
prepared by a simple thermal evaporation method. The main
preparation process is shown in Figure 1b. For the CMCS film, 10
g of CMCS powder was dissolved in 100 mL of deionized water in a
beaker and constantly stirred with a glass bar. After complete
dissolution, the highly viscous solution with numerous bubbles was
degassed for 3−5 min using a vacuum freeze dryer, and uniform
CMCS solution can be obtained. As-prepared CMCS solution (15
mL) was extracted with a 5 mL pipette and injected into a 66 mm
diameter circular plastic container, and then transferred to a 333 K
(60 °C) vacuum drying tank. After 48−72 h, dry and flat CMCS films
were available. For CSHC film, the fabrication process is very similar
to that of CMCS film, and only the deionized water needs to be
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decreased to 110 mL, respectively. For the chitosan film, 150 mL of
5% acetic acid solution was needed as a solvent. For COS film, due to
the low molecular weight and relatively high solubility of COS, 10 g of
powder requires only 100 mL of deionized water. In addition, the
viscosity of the solution was very low, so the degassing operation
could be achieved by a simple static placement. The obtained films are
displayed in Figures 1c and S13b, and all of these films prepared for
this work are thicker than 500 μm. It should be noted that COS and
CSHC films are prone to deformation and brittle cracking due to their
sensitivity to stress and high brittleness, and this change can be slowly
intensified in the ambient environment. Therefore, they need to be
tailored in advance for further laser pyrolysis experiments.

Lasing Induction of LIGs. All these prepared chitosan-based
films were irradiated by a commercial 10.6 μm infrared CO2 laser
engraver (Hui-Bang Laser Technology’s Taobao store) using the
planar processing method. First, the film to be processed was fixed on
a working platform below the laser head, and then the pattern to be
carved was drawn on the DrawChem software. When the parameters
were set, the laser engraving process can transfer the designed pattern
onto the film substrate and generate LIG material within the designed
shape. This continuous wave laser machine adopts a linear scanning
swing mode, and its rated power and positioning accuracy is 40 W and
≤0.01 mm, respectively. Its main adjustable parameters include laser
power, scanning speed, pixel step, the distance between the laser
source and substrate, etc. In this study, unless otherwise stated, a slow
scan speed of 30 mm/s and a small pixel step of 2 were set to
constant, and each substrate to be treated was roughly placed at the
focal plane (10 mm below the laser head). Considering the data
reliability, the laser power was expressed by the duty cycle, and the
theoretical power value can be obtained by multiplying the duty cycle
and rated power. The laser power was regulated in the range of 4−6%,
and besides, all the experiments were conducted under ambient
conditions (temperature: ∼25 °C, humidity: ∼50%).

LIG Characterizations. The optical paragraphs with relatively low
magnifications were obtained via the mobile phone camera or normal
photo microscope. The surface morphology of as-fabricated LIGs was
obtained by secondary electron SEM (Regulus SU8230) with an
accelerating voltage of 5 kV, and the samples were gold-sprayed
before imaging to enhance the surface conductivity. The TEM
(TECNAI G2F30, Thermo Fisher) measurements were performed at
an accelerating voltage of 300 kV. For TEM imaging, the LIG samples
were scratched from the surface of substrates and then dispersed into
an absolute alcohol solution with an ultrasonic process of 20 min.
After that, each LIG-containing sample solution was dripped into 200
meshes of the copper grid with a supporting carbon membrane for
observation. The resulting TEM images were processed by
DigtalMicrograph software. Raman spectra were recorded via the
Laser Confocal Raman Spectrometer (LabRAM HR Evolution) with a
532 nm incident laser at room temperature. The surface chemical
analysis of substrate films and synthesized LIG samples were acquired
by the XPS apparatus (PHI 5000 Versaprobe III, ULVAC-PHI) with
an Al Kα X-ray source and a base pressure of 10−7 Torr. The fine C
spectra were recorded in 0.125 eV step size with the pass energy of 69
eV and corrected using contaminated C1s peak (284.8 eV) as the
reference. The wettability of water to the LIG interface was tested
with a contact angle meter (Dongguan Shengding Precision
Instrument Co., Ltd.). Sheet resistance measurements were achieved
by the four-point van der Pauw approach using a Keithley Model
2450 System SourceMeter, and each charred square was measured in
triplicate and the corresponding mean values were calculated. The
FTIR spectrum was recorded by a fully digital FTIR spectrometer
(VERTEX 70v).
TENG Fabrication. Two dielectric-to-dielectric TENGs were

fabricated in a vertical CS type. The CMCS film with the lased
LIG electrode was used as the tribo-positive layer, and the square LIG
electrode (20 × 20 mm2) was prepared by a single-step laser
engraving method with a laser power of 5.2%. The tribo-negative
material was selected from an acrylic plate (286 mm) or the PI film
(0.25 mm). The main body of the device was assembled by two
acrylic plates, four acrylic pillars, and four retractable springs, as

shown in Figure 5b. The upper plate supported by the springs can
complete the CS behavior under vertical pressures. For LIG/CMCS/
Acrylic TENG, the LIG/CMCS composite was fixed to the lower side
of the upper acrylic plate, while the lower acrylic plate acted directly
as the tribo-negative layer. In addition, for LIG/CMCS/PI TENG, an
additional PI film was attached to the surface of the underlying acrylic
plate as a counterbalance layer. To facilitate the electrical testing of
these TENGs, the LIG electrode was further connected to a copper
wire via conductive silver paste and was well encapsulated with plastic
tape. The contact between the TENG device and the external testing
circuit was achieved by standard electrical alligator clips.

TENG Characterization. The output voltage and current of the
TENGs were measured using a Keithley 6517B electrometer, and the
corresponding data were collected by a Keithley Model 2450 System
SourceMeter with a Kingstar software package. The CS action was
controlled by a push-and-pull system (Shenzhen Wance Testing
Machine Co., Ltd.). The speed and distance of CS behavior can be
customized, and their typical values are 500 mm/min and −5 mm,
respectively. The output voltage at different CS speeds and distances
was also investigated for deep research. The initial contact force
between the upper and lower tribo-layers is about 10 N for these
TENGs at each measurement. The peak power density versus load
resistance curves was also obtained by adding a series of load
resistances (10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and
1000 MΩ, supplied by a resistance box) in the external circuit. The
peak voltages of the load resistances were obtained via direct
measurement, while the peak power density (PP) was further
calculated through the formula: PP = VP

2/RA, where VP is the peak
voltage, R devotes the load resistance, and A devotes the area of LIG
electrodes.
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