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Abstract: Laser  writing  is  a  fast  and  efficient  technology  that  can  produce  graphene  with  a  high  surface  area,  whereas  laser-
induced graphene (LIG) has been widely used in both physics and chemical device application. It is necessary to update this im-
portant progress because it may provide a clue to consider the current challenges and possible future directions. In this review,
the  basic  principles  of  LIG  fabrication  are  first  briefly  described  for  a  detailed understanding  of  the  lasing  process.  Sub-
sequently,  we  summarize  the  physical  device  applications  of  LIGs  and  describe  their  advantages,  including  flexible  electronics
and  energy  harvesting.  Then,  chemical  device  applications  are  categorized  into  chemical  sensors,  supercapacitors,  batteries,
and electrocatalysis,  and a  detailed interpretation is  provided.  Finally,  we present  our  vision of  future  developments  and chal-
lenges in this exciting research field.
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 1.  Introduction

Graphene  is  an  important  material  with  high  electronic
mobility,  flexibility,  specific  area,  mechanical  strength,  and
biocompatibility[1−3].  As  a  multifunctional  material,  graphene
and  its  derivatives  are  very  promising  in  many  fields  espe-
cially  in  biosensor[4–7],  mainly  due  to  the  6-membered  car-
bon  ring  array  structure  of  graphene.  This  structure  allows  it
to  be  connected  to  a  molecule  with  a  benzene  ring  through
a  π–π  bond,  which  is  feasible  to  further  connect  amino-rich
aptamers  or  antibodies  as  efficient  biosensors[6, 7].  So  far,  the
common  synthetic  methods  of  graphene  include  mechanical
exfoliation[8], chemical reduction[9] and chemical vapor depos-
ition  (CVD)[10, 11].  However,  mechanical  exfoliation  can  pro-
duce  only  small  pieces  of  graphene[8],  while  large  area
graphene can be fabricated by CVD on desired Cu or  Ni  sub-
strates with a significantly improved efficiency. However, spe-
cific  substrates  and  high-temperature  processes  are  needed
for the CVD process[10], which limits its massive application.

In 2014, a new graphene synthesis method named laser-in-
duced  graphene  (LIG)  was  discovered  by  Tour[12].  To  put  it
simply,  a  high-power  CO2 laser  is  used  to  engrave  polyimide
(PI),  the  surface  part  of  the  PI  is  then   carbonized,  of  which
graphene  accounts  for  a  large  proportion.  The  synthesized
LIG exhibits high surface area (≈340 m2/g), high thermal stabil-
ity  (>900 oC),  and  excellent  conductivity  (5–25  S/cm)[12].  Be-
cause of  the cheap raw materials  and fast  preparation speed,
LIG  is  very  suitable  for  mass  production.  Other  substrates
such  as  wood[13],  phenolic  resin[14] ,  and  clothes[5] have  since

been discovered  to  have  similar  properties,  although  PI  was
the  most  widely  used  substrate.  The  LIG  could  lower  the
threshold  of  graphene applications  for  many fields  due to  its
abundantly  multiscale-level  porous  structures,  which  results
in  a  higher  charge  storage  capacity[15] and  electrochemical
activity  in  a  liquid  phase[16].  Therefore,  LIG,  as  an  important
type  of  graphene,  has  demonstrated  a  potential  for  practical
applications.

In the past few years,  several  reviews have aimed to give
a comprehensive summary and outlook regarding the fabrica-
tion and application of LIG and its composites, including phys-
ical  sensors[17, 18] and  energy  storage[19] fields.  Due  to  the
easy  fabrication  process  and  multi-faceted  performance,  LIG-
based devices have exhibited an obvious superiority over oth-
er  graphene-based  devices  in  many  fields  and  their  applica-
tions  are  still  expanding.  However,  a  summary  related  to  this
aspect  is  still  lacking.  A  lot  of  distinctive  and  interesting  re-
search  based  on  LIG  devices  has  recently  been  published,
such as nanogenerators[20] and electrochemical biosensors[21].
Therefore,  it  is  very  necessary  to  update  this  important  pro-
gress  because  it may  provide  a  clue  to  consider  the  current
challenges  and  the  possible  future  directions.  Consequently,
in  this  review,  the  formation  mechanism  of  LIG  is  introduced
first to give readers  a deeper understanding of the lasing pro-
cess,  so  that  the LIG can be easily  adjusted to  different  types
by controlling laser parameters and atmosphere according to
requirement,  which  is  suitable  for  multifunctional  applica-
tions. Then, the latest developments of the physical and chem-
ical devices based on LIG technique are summarized in detail,
as  shown  in Fig.  1.  Considering  that  the  applications  of  LIG
are  so  diverse,  biochemical  sensors,  energy  storage  devices,
and electrocatalysts are classified into chemical devices, while
flexible  electronics  (e.g.,  stretch  sensor  and  temperature
sensor)  and  energy  harvesting  constitutes  are  categorized  as
physical  devices.  Finally,  a  summary and perspective view re-
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garding  the  LIG  technique  are  given  and  discussed.  The  pos-
sible  schemes  for  improving  the  performance  of  LIG  based
devices are given, and the bright application prospects of LIG
in practical devices are described.

 2.  Formation mechanism of LIG

Despite  the  high  preparation  speed  of  LIG,  the  mechan-
ism  is  very  complicated  (i.e.,  a  variety  of  reactions  occur  in-
stantly).  First,  a  high  temperature  generated  by  CO2 laser  is
necessary,  in  addition  to  the  atmosphere  that  will  also  affect
the  LIG  formation.  A  widely  accepted  theory  is  that  the laser

causes  high  vibrations  to  propagate  through  the  precur-
sor  material,  which leads to local  heating.  This  high energy is
sufficient  for  bond  dissociation  of  C−N,  C−O,  C−H  and  C=O
bonds.  During  this  photothermal  conversion  process,  the
material  undergoes  a  transition  from  sp3 to  sp2 hybrid
state[12, 28].  To better  understand this  process,  a  ReaxFF react-
ive  molecular  dynamics  simulation  was  carried  out  by  Green
(Fig. 2(a))[29]. The authors  used polybenzimidazole (PBM), poly-
ether ether ketone (PEEK), poly (ether imide) (PEI), polycarbon-
ate  (PC),  and  polyimide  (Kapton)  as  research  objects,  be-
cause these polymers are proven to produce LIG[30]. The para-
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Fig. 1. (Color online) Representative chemical applications of LIG. Adapted with permission from Ref. [22–24]. Copyright 2016, Wiley-VCH, Copy-
right 2022, American Chemical Society, Copyright 2020, Elsevier Ltd respectively. Representative physical applications of LIG. Adapted with per-
mission from Ref. [25–27]. Copyright 2020, The Royal Society of Chemistry. Copyright 2021, Hindawi. Copyright 2020, American Chemical Soci-
ety respectively.
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Fig. 2. (Color online) (a) Theoretical simulation of LIG synthesis process and the influence of temperature and oxygen on LIG production. Repro-
duced with permission from Ref. [29]. Copyright 2020, American Chemical Society. (b) Comparison of hydrophilicity of LIG produced in air and N2

atmosphere. Reproduced with permission from Ref. [36]. Copyright 2021, Wiley-VCH.
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meters  were:  atoms 1400,  density  0.8  g/m3,  time step 0.25 fs,
temperature  2000–4000  K.  The  result  shows  that  the
2500−3000  K  temperature  range  resulted  in  the  best  quality
and  yield  of  LIG,  the  LIG  contains  5-,  6-,  and  7-member  car-
bon rings, which was caused by the rapid formation and cool-
ing of the graphene,  trapping it  in a higher energy state.  The
spacing  between  the  consecutive  graphitic  layers  was  found
to be 3.4−4.0 Å.  These simulation results  match well  with the
experimental results.

During  the  high-temperature  processing  for  LIG  fabrica-
tion,  the  surface  area  increases  with  time.  In  the  initial  0.2  ns
at  3000 K,  an  amorphous  structure  is  generated,  which  starts
to  transform  to  a  more  graphitic  structure  after  ~0.2  ns.  At
the  same  time,  small  molecules  dissociate  from  the  polymer
are  released  as  gases  along  with  CxHyNz species.  CO  and  H2

are two main gases in the LIG production, and the rate of evol-
ution increases as simulation temperatures increase (between
2500–3000  K),  in  which  Kapton  produces  the  highest  num-
ber  of  CO  molecules  because  the  monomer  has  the  highest
weight  percentage  of  oxygen.  The  porosity  of  LIG  is  associ-
ated with the liberation of gas during the transformation pro-
cess and a high laser power will increase the porosity[12].

The  direct  production  of  LIG  from  biomass  polymers  is
challenging.  Unlike  the  proven  polymers  that  can  be  conver-
ted  to  LIG,  polysaccharide  chain  biopolymers  such  as  cellu-
lose  and  chitosan  are  easily  decomposed  into  levoglucosan,
and  are  then  further  decomposed  into  volatile  gases  under
the  laser  process  with  strong  local  heating[31].  Therefore,  it  is
difficult  for  these  biopolymers  to  generate  graphene  under
laser  induction.  The  coordination  of  metal  ions  is  expected
to play an important role in the formation of LIG from biopoly-
mers[32].  For  example,  the  addition  of  copper  ions  helps  the
chitosan  film  to  retain  solid  carbon  under  the  action  of  laser.
This  retention  of  solid  carbon  can  provide  necessary  carbon
as  a  precursor  for  the  synthesis  of  graphene.  In  the  transient
high  temperature  process  generated  by  the  laser,  the  re-
duced  Cu  nanoparticles  melt  into  their  liquid  form.  The
thermal  movement  and  surface  tension  of  the  liquid  copper
atoms  minimize  their  surface  energy,  thereby  forming  a  de-
fect free and smooth liquid copper surface[33]. This liquid cop-
per surface enables carbon atoms to migrate rapidly and sub-
sequently  form  graphene  structures[33, 34].  Except  for  copper,
some metals have higher carbon solubility after melting, result-
ing  in  the  precipitation  of  additional  carbon  atoms  from  the
surface  of  the  liquid  metal,  which  can  promote  the  forma-
tion of a multilayer graphene structure[35].

Notably, the characteristics of M-LIG (metal-LIG) can be ad-
justed by controlling the laser parameters and the initial con-
centration  of  chelate  metal  ions  in  the  biopolymer  mem-
branes,  revealing  its  potential  as  a  high-value  M-LIG  catalyst
for  a  wide  range  of  applications.  Besides  the  laser  paramet-
ers, the atmospheric environment also has an important influ-
ence  on  the  formation  of  LIG.  High  O2 content  will  decrease
the LIG yield because of the drastic oxidation behavior, LIG pro-
duced  at  high  O2 atmosphere  shows  lower  conductive  and
higher  hydrophily.  In  contrast,  LIG  produced  at  N2 atmo-
sphere  exhibits  hydrophobic  property  (Fig.  2(b))[36].  Con-
sequently,  the  LIG can be adjusted to  different  types  by  con-
trolling laser parameters and atmosphere according to require-
ment, which is suitable for multifunctional applications.

 3.  Physical device applications

 3.1.  Flexible electronics

Point-of-care  wearable  devices  are  growing  rapidly  with
functions  to  transform  external  stimuli  into  readable  electric-
al signals. For the sensor components, stretchability and flexib-
ility are the two important targets.  Conventional metal-based
strain sensors are rigid with low sensitivity and low flexibility,
which fails  to meet the demand for complex signal  detection
in the human body[37]. Therefore, to better improve the applic-
ation scenarios of bioelectronics, soft materials with high con-
ductivity are required as sensors, such as LIG.

It  was  previously  proposed  that  LIG  can  be  produced  on
many polymer surfaces, while some elastic-based LIGs are suit-
able  for  direct  application  without  any  treatment[5, 38].
Zhang's  group  found  that  a  commercial  CO2 laser  can  dir-
ectly engrave carbonized patterns on Kevlar clothes, and mul-
tiple characterizations indicated that the black carbon is graphene
(Fig.  3(a))[5].  Due  to  the  in-situ  growth  of  graphene  on  the
large area flexible substrate, they can be directly used as wear-
able  devices  to  detect  heart  rate,  or  combined  with  zinc  foil
to  construct  a  textile-based  zinc-air  battery  as  an  energy
source  to  drive  other  biosensors.  Gas  sensors  are  one  of  the
most  promising  applications.  The  absolute  value  of  the  re-
sponse  to  the  sensor  (|ΔR|/R0)  increases  monotonically  from
0.33%  to  4.02%  with  an  increasing  NO2 concentration  from
10 to 200 ppm, which shows good sensitivity. It is of great sig-
nificant  to integrate the NO2 gas  sensor  on the clothes when
used in laboratories and fires,  and promptly remind the users
of danger.

Clothes  are  very  creative  as  a  substrate  for  growing
graphene, but in most cases, thin polymer films are used as a
base  material,  because  they  are  homogeneous,  cheap  and
very suitable for mass produce. However, most polymer films,
such  as polyimide  and  lignin  are  not  elastic.  Therefore, addi-
tional  steps  are  required  to  transfer  LIG  to  the  elastic  sub-
strate[27, 39−42].  Park et  al.  fabricated  a  temperature-strain  hy-
brid  sensor  that  exploits  the  outstanding  properties  of  black
phosphorus  and  LIG[43].  They  firstly  produced  LIG  on  PI  film,
then  transformed  it  with  polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene  (SEBS)  substrate,  and  finally
packaged it with SEBS by heat pressure (Fig. 3(b)).  The device
has both temperature and strain response with high sensitiv-
ity  and  duration,  which  can  be  used  as  a  multifunctional
sensor.

For flexible electronics, air permeability is increasingly be-
coming important, which is related to long-term wearing com-
fort (e.g., airtight devices can cause damage to the skin). Intro-
ducing  porous  structures  into  existing  functional  materials  is
a powerful way to tailor their gas permeability and other prop-
erties  such  as  stretchability,  modulus,  and  optical  transmis-
sion[44, 45].  There  are  many  elastomers  including  commercial
tape that are air  permeable,  among which a sugar-templated
elastomer  sponge  made  by  Yan et  al.  works  well[46].  The  au-
thors  transformed the graphene on PI to elastomer/sugar com-
posites,  and  then  dissolved  sugar  to get  air-permeable  flex-
ible sensors.  The sensor can be stretched to more than 600%
of  its  original  length  with  negligible  resistance  change,  re-
peated  more  than  100  times,  and  is  very  suitable  for  wear-
able  applications.  Air  permeability  is  the  highlight  of  the
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sensor.  In  this  research,  the  permeability  of  porous  graphene
on  elastomer  sponges  is  about  18  times  higher  than  that  of
the elastomer substrates without pores (Fig. 3(c)).

Recently,  an  interesting  application  of  LIG−soft  robotics
is  demonstrated  by  Zheng et  al.[47].  The  authors   glued  LIG
and PDMS of various shapes together, when a large current is
applied,  LIG  and  PDMS  will  undergo  thermal  expansion  due
to  the  Joule-heating  effect  of  carbon.  Because  of  the  differ-
ent  moduli  of  LIG  and  PDMS,  the  planar  2D  structure  will  be
bent  into  a  3D  structure  when  energized,  and  the  3D  struc-
ture  can  be  adjusted  by  the  current  and  the  modulus  of
PDMS. Furthermore, the authors demonstrated multiplied ap-
plications,  including artificial  muscles  that  can  lift  about  110
times  their  own  weight,  a  biomimetic  frog  tongue  that  can
prey  insects,  elastic  metamaterials  with  human  gestures-con-
trolled  bandgap  behaviors,  and  a  soft  robotic  finger  that  can
measure  ECG  signals  from  human  fingers  in  an  on-demand
and reversible manner.

 3.2.  Energy harvesting

Recently,  carbon-based  materials,  such  as  graphene[48]

and  carbon  nanotubes[49] have  been   used  in  triboelectric
nanogenerators (TENGs), which can efficiently convert mechan-
ical  energy  from  the  environment  into  electricity.  As  a  new
type  of  energy  harvester,  TENGs  has  the  advantages  of
simple structure,  portability,  and high-power  density,  making
them  suitable  for  wearable  power  supplies.  However,  com-
plex synthesis methods of carbon materials, such as spin coat-
ing  or  vacuum  filtration,  have  limited  their  further  applica-
tion.  Due  to  its  ease  of  manufacture  and  high  performance,
LIG is very suitable for use as an electrode for triboelectric tech-
nology[50]. In addition, the widely used substrate PI can be dir-
ectly used as an insulating layer, which simplifies the device.

A  LIG/PI  composite  has  been  used  to  fabricate  TENGs
based on conductor-to-dielectric  and metal-free dielectric-to-

dielectric  device  geometries,  the  open-circuit  voltages  and
peak  powers  exceeded  3.5  kV  and  8  mW  respectively[51].
Furthmore,  LIG  based  TENGs  can  also  be  used  in  real  life.
When  combining  LIG  and  PDMS  (highly  tribonegative)  into  a
flip-flop  for  electrical  power  generation  on  shoes  and  walk-
ing at  a  frequency of  2  Hz,  the STENG can store electrical  en-
ergy in  a  capacitor  at  a  rate of  ~2.4  × 10−2 mJ/s,  demonstrat-
ing its potential as a portable power generator[52].

Some  research  work  has  found  that  the  triboelectric  ef-
fect  of  LIG  varies  greatly  from  different  morphologies[25].  By
changing the work distance of laser to cause defocus, the LIG
morphology is modulated in porous LIG, in short carbon fiber
combined  LIG  (SF-LIG)  and  in  long  carbon  fiber-dominant
LIG  (LF-LIG).  The  results  show  that  the  LIG  in  the  form  of
fibers  has  a  slightly  lower  conductivity  than  the  porous  LIG,
in  which  LF-LIG  with  graphitic  N  component  can  achieve
better  triboelectrification  efficiency  due  to  the  lowered  work
function  (Φ =  4.62  eV).  Based  on  these  advantages,  the  out-
put  performance  of  LF-LIG  TENGs  shows  a  power  density  of
512  mW/m2,  130  times  larger  than  the  efficiency  of  the  LIG
TENGs,  and  the  TENGs  maintains  its  performance  for  ~104

cycles, which is sufficient to light up a hundred LEDs.
Recently,  Zhao et  al.  proposed  a  new  type  of  high-effi-

ciency liquid–solid  friction nanogenerator  using super-hydro-
phobic  fluorine-doped  LIG[20].  They  first  dissolved  the  PI  (col-
loid)  in  the  N-methylpyrrolidone  (NMP)  solution. After  spin
coating on the substrate, the NMP solvent was removed to syn-
thesize  a  50 μm  thick  polyimide  film.  A  fluorinated  ethylene
propylene (FEP) film (10 μm) was then coated by thermo-com-
pression  on  the  PI  surface.  Using  picosecond  UV  laser  to  en-
grave  F-doped  LIG  on  the  top  of  FEP-PI  film  and  LIG  on  the
back side of FEP-PI film, as shown in Fig. 4. The sandwich struc-
ture  of  the  triboelectric  nanogenerator  exhibits  a  very  high-
power conversion efficiency.  It  can generate a peak power of
15.2 mW with the power density of 47.5 W/m2 during the slid-
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ing of  one small  water  droplet  with a  volume of  105 μL from
a  height  of  25  cm,  and  only  one  droplet  can  light  480  LEDs.
More  importantly,  the  operational  stability  of  the  device  was
also  carefully  studied  under  various  harsh  conditions.  It  can
maintain  88%  of  the  peak  power  at  a  high  humidity  level  of
96%  and  70%  of  the  peak  power  density  after  10  000  cycles,
which is very robust and has great application prospect.

From this  research work,  we can conclude that  LIG has  a
great potential for physical device applications. Among them,
PI  is  the  mostly  used  carbon  source  because  of  its  low  price
and stable quality,  along with good performances than many
other  carbon  sources  based  LIG.  For  flexible  electronics,  the
tensile property is one of the key goals. Consequently, it is es-
sential  to  transform the LIG from PI  substrate  to  other  elastic
substrates, such as PDMS and SEBS. Due to the strong Vander
Waals  force,  soft  carbon  materials  can  bond  with  elastic  sub-
strates  well  and  show  stable  performance.  In  TENGs,  tensile
properties are not required, and PI  can be used as an insulat-
ing  layer,  so  PI  based  LIG  can  be  used  directly  in  TENGs.  The
high-power density and portability make TENGs a very prom-
ising energy source and may be widely used in the future.

 4.  Chemical device applications

 4.1.  Biosensors

With the advent of intelligent life, chemical sensing is be-
coming  ever  more  important  to  human  health  monitoring
and  regulation.  Among  them,  various  types  of  LIG-based
sensors  have  been  developed  because  of  their  special  por-
ous  structure,  large  specific  surface  area  and  rich  surface  de-
fects[52, 53]. Moreover, the fabrication of LIG based sensors is fa-
cile  and  cost-effective  compared  to  the  complicated  litho-
graphy and other techniques, which leads to an extensive re-
search area.

Dreimol et  al.  introduced  iron  catalyzed  laser-induced
graphitization  (IC-LIG)  as  an  innovative  method  for  engrav-
ing  large  conductive  graphene  structures  on  wood  with  very
high  quality  and  efficiency,  which  overcomes  the  limitations
of  traditional  LIG  and  can  transform  wood  into  a  highly  dur-
able  strain  sensor.  Their  results  pointed  out  the  key  role  of
iron  in  promoting  the  formation  of  highly  conductive  LIG,

and  revealed  the  structure  property  relationship  of  the  ob-
tained  graded  porous  graphite  like  conductive  foam[54].
Pristine LIG had been directly used to detect some small  mo-
lecules[55−57],  due  to  the  ultra-large  surface  areas  and  surface
defects  generated  during  the  laser  engraving  process  along
with  the  high  electrical  conductivity.  For  example,  Gao’s
group  explored  a  LIG-based  sweat  sensor  for  the  simultan-
eous detection of uric acid (UA) and tyrosine (Tyr) by laser en-
graving  and  microfluidic  design  to  realize  the  integration  of
sample  collection  and  real-time  detection[55]. Figs.  5(a)  and
5(b)  showed  the  scheme  and  mechanism  of  the  three  elec-
trode LIG-based sensor  in  which UA and Tyr  can be detected
selectively based on the different oxidation potential. Further-
more, they demonstrated that the LIG-based sensors are super-
ior  to  the  conventional  materials  of  glassy  carbon  (GCE),
screen-printed  carbon  (SPE),  and  gold  electrodes  (AuE)  for
the chemicals analysis, as shown in Fig. 5(c).

In  addition,  LIG  has  also  been  developed  to  detect  more
specific  chemicals  through  surface  functionalization  includ-
ing ions  like  ammonium ions[59, 60],  small  molecules  like  gluc-
ose  and  hydrogen  peroxide[61−65],  pathogens  like  Escherichia
coli[58, 66],  SARS-CoV-2[67] and  chloramphenicol[68] and  so  on.
The principle of these sensors is usually based on the change
of  electrochemically  capacitance,  impedance  or  potential
caused by chemicals adsorption of LIG[69]. The modified materi-
als  generally  involve  metal/metal  oxide  nanoparticles,  iono-
phores,  molecular  polymer,  and  antibodies[64, 70−72].  For  in-
stance,  You et  al.  reported an AuNPs/LIG based impedimetric
immunosensor modified by corresponding antibody for the de-
tection  of  pathogen  O157:H7,  as  schematically  illustrated  in
Fig.  5(d)[58].  With  the  synergistic  effect  of  LIG  and  Au  nano-
particles together with the specific antibody, the integrated im-
munosensor exhibited excellent performance with low detec-
tion  limit  and  high  selectivity  for  Escherichia  coli  O157:H7
(Figs.  5(e)–5(g))[58].  Recently,  our  group  reported  a  new
strategy  to  engineer  the  LIG  surface  with  Au  clusters  and
chitosan sequentially to form a C−Au−LIG electrode with a su-
perhydrophilic  and  highly  conductive  3D  graphene  surface,
which demonstrates superior performance and negligible de-
cay  in  both  long-term  storage  and  practical  usage  in  vitro
and  in  vivo  environments.  This  wearable  biosensor  based  on

 

Fig.  4.  (Color  online)  Liquid-solid  friction  nanogenerator  using  super-hydrophobic  fluorine-doped  LIG.  Reproduced  with  permission  from  Ref.
[20]. Copyright 2021, Wiley-VCH.
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the C–Au–LIG electrode that can detect uric acid and pH simul-
taneously  with  negligible  decay  for  more  than  one  month,
which shows a potential application prospect (Fig. 6)[23].

 4.2.  Supercapacitors

Supercapacitors  (SCs)  possess  advantages  of  high  power
density,  fast  charge/discharge  rates,  and  long-term  cyclabil-
ity, and have been applied to automobiles and other fields[73].
Basically  symmetrical  porous  carbon-based  electrodes  are
used  in  most  SC,  which  benefit  from  their  high  porosity  for
the  electrolyte  reservoir  and  large  specific  surface  areas  for
the ion adsorption[74]. LIG is a porous carbon material with sim-
ilar  merit  and  simple  synthesis,  and  is  suitable  for  SC,  while
the low energy densities mainly and largely prevent the extens-
ive  applications  of  SC[75, 76].  At  present,  there  are  three  main
tactics  to  overcome  this  shortcoming,  namely  control  of  sur-
face  structures,  coupling  with  pseudocapacitive  materials,
and design of hybrid devices[77].

The  advantages  of  laser  scribing  are  helpful  to  regulate
the  structure  of  electrode  material  and  utilize  the  effect  of
structure-activity  correlation  efficiently.  Kaner et  al.  found
that  the  specific  surface  area  of  GO  can  be  increased  to
1520  m2/g  with  excellent  electrical  conductivity  of  1738  S/m
after  laser  scribing,  which endow the superior  electrochemic-
al  performance[78].  The  further  enhanced  performance  have
been  realized  through  the  introduction  of  N  or  B  het-
eroatoms[75, 79].  The  NB-LIG  with  1  wt%  H3BO3 obtained  2.5
and  12  times  improvement  in  specific  areal  capacitance  at
0.2 mA/cm2 compared to the N-LIG and undoped LIG, respect-
ively[75].  As  shown  in Figs.  7(a)−7(c),  the  densified  and  well-

balanced porous structure resulting from the laser-etched mi-
crochannels  facilitated  the  diffusion  of  ions  at  the
electrode/electrolyte  interface  along  with  the  synergistic  ef-
fect of N and B co-doping, which enhanced the capacitive per-
formance.

Besides  directly  using  as  carbon  electrodes  for  SC,  these
laser-enabled  porous  LIGs  have  also  served  as  excellent  sub-
strates  for  loading  pseudocapacitive  materials.  Up  to  now,
nanostructured  MnO2,  Fe3O4,  MoS2,  and  conductive  polymer,
for  example,  had  been  hybridized  with  the  laser-derived
porous  carbon  framework  to  effectively  utilize  pseudocapa-
citive  energy[22, 80, 81].  One  hopeful  advantage  of  this  kind  of
electrode is the retention of excellent performance even with
ultra-thick  electrodes.  For  instance,  the  carbon-loaded  MnO2

electrodes  as  thick  as  110  mm  could  still  perform  an  ex-
tremely  large  specific  capacitance.  The  perpendicularly ori-
ented graphene nanosheets, which allow a long electron trans-
fer  path  along  vertical  direction,  are  primarily  responsible  for
this extraordinary performance. Another recent promising ex-
ample was the solvothermal growth of conductive MOF nanor-
ods  on  LIG  substrates,  which  offered  rapid  redox  activity  in
both  positive  and  negative  potential  ranges  (Fig.  7(d))[82].  As
a  result,  a  symmetric  pseudocapacitive  capacitor  with a  large
voltage  window  was  constructed  on  these  electrodes,  as  re-
vealed in Fig. 7(e).

The  design  of  hybrid  SC  can  also  be  implemented  easily
by laser  engraving with the assistance of  programmable pro-
cessing  for  a  series  and  parallel  connections  of  multiple
devices, rendering dynamic energy output[85, 86].  For example,

 

Fig. 5. (Color online) (a) Diagram of a three-electrode sweat UA and Tyr sensors. (b) The different oxidation peak height for the detection of UA
and Tyr. (c) Detected signals in the raw sweat samples measured by different electrodes. Reproduced with permission from Ref. [55]. Copyright
2020, Nature Research. (d−g) Schematic illustration, performance, and specificity of the AuNPs/LIG based immunosensor for the detection of Es-
cherichia coli O157:H7. Reproduced with permission from Ref. [58]. Copyright 2020, Elsevier Ltd.

6 Journal of Semiconductors    doi: 10.1088/1674-4926/44/3/031701

 

 
L Q Zhang et al.: The recent progress of laser-induced graphene based device applications

 



Gao et  al.  enlightened  by  the  stereo  paper  cutting  idea  pro-
posed  a  laser  direct  writing  strategy  for  fabricating  multi-di-
mensional  SC  based  on  the  large  planar  graphene-based  SC,
while the garland configuration allowed the SC to be stably op-
erated even at a 5-fold stretching, suggesting an alternative ap-
proach  to  constructing  flexible  energy  storage  devices,  as
shown in Fig. 7(f)[83] . In addition, Yuan et al. reported an ultra-
fast method to prepare various and large-scale patterning LIG
based  SCs  by  real  one-step  femtosecond  laser  irradiation.
They  converted  the  Gaussian  beam  to  various  beam  shapes
via  phase  modulation  to  provide  a  spatially-shaped  femto-

second laser source (Fig. 7(g))[84]. Therefore, more comprehens-
ive  technology  of  laser  preparation  for  different  industrial
needs will inevitably be developed.

 4.3.  Rechargeable batteries

Rechargeable  batteries  play  an  important  role  in  energy
storage and conversion, which can repeatedly produce stable
power  output  mainly  through  the  reversible  redox  of  differ-
ent  materials  to  achieve  stable  charge  and  discharge.  With
the  application  and  development  of  rechargeable  batteries,
there  are  now  not  only  lithium  ion  batteries  (LIBs)  with  in-
depth study but also sodium-ion batteries (SIBs), lithium-met-

 

Fig. 6. (Color online) (a−c) Schematic diagram of the C−Au−LIG fabrication process and related SEM images. (d) Representative CV curves of differ-
ent biosensors in standard potassium ferricyanide solution. (e) Redox peak currents of LIG, Au−LIG, and C−Au−LIG after different periods of time
in ambient environments. (f) Redox peak currents of LIG, Au−LIG, and C−Au−LIG in continuous usage. Adapted with permission from Ref. [23].
Copyright 2022, American Chemical Society.

 

Fig. 7. (Color online) (a−c) SEM images and the areal specific capacitance of doping LIG. Reproduced with permission from Ref. [75]. Copyright
2022,  Elsevier  Ltd.  (d,  e)  Electrochemical  performance  of  conductive  MOF-derived  LIG.  Reproduced  with  permission  from  Ref.  [82].  Copyright
2019, Wiley-VCH. (f) Illustration of customer-designed supercapacitors enabled by laser irradiation. Reproduced with permission from Ref. [83].
Copyright  2019,  American  Chemical  Society.  (g)  Gaussian  beams  were  transformed  into  arbitrary  geometric  target  beams  by  programming
phase patterns for the synthesis of different SC. Reproduced with permission from Ref. [84]. Copyright 2020, Nature Research.
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al  batteries  (LMBs),  aqueous  zinc-ion  batteries  (ZIBs),  and  so
on.[87, 88].  Compared  to  supercapacitors,  the  batteries  possess
higher  energy  densities  due to  the  phase  conversion of  elec-
trode  material,  but  sluggish  reaction  kinetics  and  poor  long-
term safety impair their performance. At present, the perform-
ance of the batteries can be further optimized through ration-
ally designing the composition and structure of electrode ma-
terials  to  improve  the  ion  transport  and  inhibit  the  dendrite
growth[89, 90].  High  specific  surface  area  and  simple  prepara-
tion  of  LIG  make  it  attract  the  attention  of  scientists  to  get
these two improvements mentioned above.

There  is  a  growing  need  for  fast  charging/discharging
LIBs,  which  depend  on  the  intrinsic  properties  of  the  elec-
trode material and the surrounding environment, such as struc-
tural  engineering  for  the  improvement  of  ionic  transport.
Shim et  al.  fabricated  a  facet-controlled  3D  holey  graphene
as high-rate anode material by transferring LIG onto a Cu cur-
rent  collector[91].  This  electrode  exhibited  fast  charging/dis-
charging  property  for  charging  95%  capacity  of  ~114  mAh/g
within  3  min  at  a  mass  loading  of  3  mg/cm2,  which  is  attrib-
uted  to  the  hierarchical  3D  holey  structure  of  the  transferred
LIG  (a-LIG).  In  contrast  to  the  randomly  stacked  LIG  (r-LIG),
the  rate  performance  indicated  that  the  facet-oriented  sur-
face of a-LIG with abundant graphitic edges was more condu-
cive  to  the  fast  Li  ion  transport,  due  to  its  shorter  diffusion
path  and  smaller  internal  resistance  (Figs.  8(a)−8(e)).  In  addi-
tion,  Zhang et  al.  reported  an  N-doped  porous  graphene  an-
ode directly on Cu foil via a single-step laser-based transforma-
tion  of  urea-containing  polyimide,  which  take  better  advant-
age of the simplicity of LIG. These 3D LIG structures perform in-

ordinately well as anodes for SIBs with excellent rate capabilit-
ies and initial coulombic efficiency of approximate 74% preced-
ing most reported carbonaceous anodes[92].

The  long-term  safety  of  batteries  is  particularly  essential,
so it is necessary to improve the problem of dendrite growth,
which causes irreversible capacity  loss  and may puncture the
diaphragm leading to overheating or even spontaneous com-
bustion.  Tour et  al.  synthesized  a  laser-induced  silicon  oxide
(LI-SiOx)  layer  with  a  small  amount  of  LIG  generated  from  a
commercial PI adhesive tape on Cu current collector to optim-
ize the reversibility of LMBs[93]. The laser-induced coating resul-
ted in a superior performance by suppressing the formation of Li
dendrites and inactive Li  compared to the bare electrodes, as
shown  in  (Fig.  8(f)).  In  the  process  of  Li  deposition,  the  small
amount of LIGs serve as uniform nucleation sites during the ini-
tial  plating process combined with lithiophilic  nature of  LI-Si-
Ox,  which make the coated Cu possess more favorable nucle-
ation  kinetics.  This  similar  strategy  was  developed  to  ZIBs  by
Guo et al. by preparing zincophilic LIG interlayer for homogen-
ous Zn deposition[94].

 4.4.  Electrocatalysis

Electrocatalysis  is  a  catalytic  process  that  accelerates
charge  transfer  at  the  electrode  and  electrolyte  interface.  At
present, a great deal of attention has been paid to some cata-
lytic reactions, such as hydrogen evolution reaction (HER), oxy-
gen  evolution  reaction  (OER),  oxygen  reduction  reaction
(ORR)  and  carbon  dioxide  reduction  reaction  (CO2RR),  which
are essential  components  of  energy conversion process[19, 95].
Generally,  these  reactions  are  kinetically  tardy  and  therefore
require highly active electrocatalysts to facilitate them. The re-

 

Fig. 8. (Color online) (a) SEM image, (b) schematic illustration of Li diffusion path, and (c−e) electrochemical performances of a-LIG. Reproduced
with permission from Ref. [91]. Copyright 2021, Elsevier Ltd. (f) SEM images of Cu-LiFePO4 full cell after 50 cycles with LI-SiOx coating or not. Repro-
duced with permission from Ref. [93]. Copyright 2020, Wiley-VCH.
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search  on  electrocatalyst  about  LIG  produced  by  simple  and
efficient  methods  abounds  because  of  its  high  specific  sur-
face  area  and  excellent  electroconductivity[69].  LIG  can  be
used as electrocatalyst directly through in-situ synthesis or as
a carrier of other active substances for collaborative catalysis.

Through  the  introduction  and  doping  of  heteroatoms
which can change the electronic structure to improve the activ-
ity,  LIG has been used as a direct active catalyst without met-
al.  Singh et  al.  reported  a  laser-induced  synthesis  of  sulfur-
doped  porous  LIG  (S-LIG)  using  sulfur-containing  polymer
membranes, such as polyphenylsulfone for catalytic H2O2 gen-
eration in ORR and antifouling application (Fig. 9(a))[96]. The au-
thors  showed  that  the  initial  antifouling  properties  are  de-
rived from the improved hydrophilicity and surface charge of
S-LIG due to the doped S element so as to prevent the attach-
ment  to  organic  pollutants  and  bacteria.  The  antimicrobial
performance can be further improved by electrochemical cata-
lysis  with a voltage bias to generate H2O2.  In addition,  Zhang
et  al.  exhibited  that  the  oxidation  of  LIG  (LIG-O)  via  O2

plasma  can  promote  the  catalytic  activity  of  OER  and  ORR
(Figs.  9(b)−9(d)).  The  oxygen-containing  groups  in  the  LIG-O
not only provided the extra active sites, but also boost the ad-
sorption of reactive intermediates and reduced the reaction ac-
tivation energy[97].

Due  to  the  high  surface  area  and  conductivity  of
graphene,  coupled  with  the  free-standing  characteristics  of
normal  LIG,  LIG has been studied extensively  as  an outstand-
ing  substrate  for  the  preparation  of  a  3D  integrated  catalytic
electrode[13, 69].  Transition  metal-based  catalysts  have  be-
come  a  hot  topic  in  replacing  noble  metal-based  electro-

catalysts  because  of  their  good  performance  and  low  cost.
Tour’s  group  developed  a  method  for  ex-situ  or  in-situ  syn-
thesis of porous graphene catalysts embedded with metal (ox-
ide)  nanoparticles  after  simple  introduction of  metal  precurs-
or[98, 100−103].  For  example,  they  prepared  the  NiFe/LIG  cata-
lysts  by  loading  the  metal  ion  solution  onto  a  prefabricated
LIG  via  PI  film  and  laser  scribing  again.  This  method  avoided
traditional  complex  solution-based  reactions  by  laser-guided
solid  phase  transformation.  The  NiFe/LIG  showed  excellent
OER  performance  with  an  overpotential  (10  mA/cm2)  of
240  mV  and  a  Tafel  slope  of  32.8  mV/dec  in  alkaline  electro-
lyte  as  normal  NiFe-based catalyst[100].  In  addition,  this  group
optimized  the  above  method  needing  two-time  laser  scribe
by  adding  metal-complex  to  form  metal-complex-containing
PI  film  (Fig.  9(e))  and  even  using  biodegradable  cedar  wood
which  soaked  metal  salt  solution  as  precursor.  These  metal-
salt-containing  precursors  were  transformed  in-situ  to  metal
or  metal  oxide  nanoparticles  embedded  in  porous  graphene
after  one-step  simple  CO2 laser  scribing,  and  these  materials
showed great ORR or OER performance[98, 103]. Tang et al. repor-
ted a precise laser-induced annealing approach with MOFs as
the  precursor  (Fig.  9(f)),  which  improved  the  conventional
thermal  transition  of  MOFs  to  electrocatalysts  and  avoided
severe  aggregation  of  metal  particles.  Remarkably,  as  pre-
pared LIA-MIL-101(Fe) on nickel foam displays an ultralow over-
potential of 225 mV to reach 50 mA/cm2 and wonderful durab-
ility  beyond 50  h  for  promoting the  OER,  exceeding most  re-
ported transition-metal-based materials and benchmark RuO2

catalysts (Fig. 9(g))[99].
Other classical  methods for loading active materials have

 

Fig. 9. (Color online) (a) Schematic illustration of the synthesis and the electrochemical ORR and antifouling along with antimicrobial properties
of S-LIG. Reproduced with permission from Ref. [96]. Copyright 2018, American Chemical Society. (b) Preparation and (c, d) electrochemical per-
formance  of  LIG-O.  Reproduced  with  permission  from  Ref.  [97].  Copyright  2018,  Wiley-VCH.  (e)  Schematic  illustration  of  formation  of  MO-LIG
from MC-PI film. Reproduced with permission from Ref. [98]. Copyright 2015, American Chemical Society. (f) Photographs and SEM images of dif-
ferent MOF-derived LIG. (g) Comparation of overpotentials for 50 mA/cm2.  Reproduced with permission from Ref.  [99].  Copyright 2021, Wiley-
VCH.
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been combined to synthesize highly efficient composites elec-
trode based on LIG. Nayak et al. fabricated a 3D graphitic car-
bon  substrate  loaded  with  Pt  via  laser  scribing  of  PI  film  and
further  atomic  layer  deposition  (ALD)  of  Pt  for  boosting
HER[106].  The  cooperative  effects  between  the  Pt  of  ALD  and
the  3D  LIG  provided  an  approach  to  efficiently  use  noble
metals  and  give  as  much  exposure  to  active  sites  as  possible
resulting  to  an  improved  HER  activity.  The  3D  LIG  with  good
conductivity  and  numerous  plane-edge  active  sites  makes  it
possible  to  synthesize  an  integrated  electrocatalyst  without
any  agglomerants  or  other  conductive  additives.  Moreover,
electrodeposition  is  a  simple,  efficient,  and  low-cost  method
that  has  become  an  important  tool  to  load  active  materials.
Tour’s group reported some relevant researches based on LIG
and normal electrocatalysts including CoP and NiFe[ 104]. There-
into et  al.  designed  and  prepared  a  novel  integrated  mem-
brane  electrode  by  laser  carbonization  and  electrodeposition
of  catalytic  materials  on  the  both  sides  of  plastic  film,  which
simplified  the  manufacture  of  water  electrolyzer  for  HER  and
OER (Figs. 10(a)−10(c))[104].

There  has  been  some  research  on  LIG-based  electrocata-
lysts  for  water  splitting  and  fuel  cell  covering  the  HER,  OER,
and  ORR.  Ren et  al.  shifted  their  attention  to  the  CO2RR,
which  is  rarely  studied.  They  reported  a  bimetallic  CuSn-
based  catalyst  to  reduce  CO2 to  formic  acid  by  optimizing
the  ratio  of  Cu  to  Sn  easily  before  laser  scribing  to  achieve
the  optimal  selectivity  (Fig.  10(d)).  The  CuSn-4  with  Cu/Sn
atomic  ratio  close  to  1  :  2  shows  a  faradaic  efficiency  of
99%  for  formic  acid  with  a  high  partial  current  density  of
26 mA/cm2 (Fig. 10(e))[105]. For CO2RR, some emerging techno-
logies can also be combined with laser technology to achieve
greater application value. For example, Hu’s group reported a
chitosan-based  anionic  conductor  in  which  ion-conducting
nanochannels  were  formed  by  crosslinking  chitosan  molecu-
lar  chains  with  Cu2+ ions[107].  The  chelated  Cu2+ ions  in
chitosan-Cu selectively promote the transport of anions (OH–)

within the nanochannels, with a high hydrogen oxide conduct-
ivity of 67 mS/cm at room temperature. Cu2+ crosslinking also
inhibited  the  swelling  of  the  membrane  in  water,  inhibited
the  fuel  penetration  and  improved  the  mechanical  strength.
Subsequently,  they  coated  chitosan-Cu  HEM  (hydroxide  ex-
change  membrane)  with  a  cathode  catalyst  and  sandwiched
HEM between the anode electrode and the gas  diffusion lay-
er  to  form  a  membrane  electrode  assembly  (MEA)  for  DMFC
(direct  methanol  fuel  cell).  The excellent  performance of  DM-
FC verifies the excellent conductivity and unique structural ad-
vantages  of  chitosan  copper  membrane  as  an  ion  exchange
membrane  for  fuel  cells.  Thus,  the  chitosan-Cu  anion  ex-
change  membrane  will  show  application  prospects  for
CO2RR.  If  the  method  of  coating  catalyst  on  cathode  is
changed to the method of direct laser printing on HEM, an in-
tegrated  electrode  with  high  current  density  and  high  stabil-
ity  will  be  prepared.  It  is  believed  that  more  related  work
based on LIG will  appear in the future,  involving laser  adjust-
ment  of  crystal  structure,  defects  and  hydrophilicity  for
CO2RR,  as  well  as  active site  design based on membrane and
metal  material  precursors,  and  even  other  important  elec-
trocatalytic reactions.

The  main  advantage  of  LIG  in  chemical  device  applica-
tions  is  their  high  specific  surface  area.  In  liquid  phase,  high
specific  surface  area  means  high  electron  exchange  rate,  so
porous  LIG with  high conductivity  exhibits  high performance
in applications that emphasize performance per unit geomet-
ric  area,  such  as  supercapacitors,  rechargeable  batteries,  and
electrocatalysis.  In  biosensors,  graphene  and  Au  are  the  two
main  sensor  materials  because  of  their  stable  properties  and
also  because  they  are  biologically  friendly.  However,
graphene  is  more  widely  used  in  detecting  biomarkers  with
redox properties (e.g., uric acid, and some sweat) or plasma in-
cluded biomarkers (e.g.,  glucose, cortisol etc.)  can also be de-
tected by graphene after modification with enzyme or antibod-
ies.

 

Fig.  10.  (Color  online)  (a−c)  A  full  water-splitting  device  made  by  laser  irradiation  followed  by  electrodeposition  and  its  performance.  Repro-
duced with permission from Ref. [104]. Copyright 2017, American Chemical Society. (d) Preparation and (e) CO2RR performance of the CuSn-LIG
catalysts. Reproduced with permission from Ref. [105]. Copyright 2020, American Chemical Society.
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 5.  Summary and perspective

Here,  we  summarized  the  latest  developments  of  LIG
based  device  applications  in  both  chemical  and  physical
fields. The laser writing method can promote the rapid prepar-
ation of 3D porous LIG and accuracy control the porosity, com-
position,  shape,  and  conductivity.  Due  to  the  easy  fabrica-
tion  process  and  multi-faceted  performance,  LIG  based
devices  exhibited  an  obvious  superiority  over  other
graphene-based devices in many fields[55, 108] and their applica-
tions  are  still  expanding.  Flexible  electronics  are an  early  and
most  pertinent  application  of  LIG  because  a  single  laser  pro-
cessing  can  be  used  for  patterning,  conductivity  tuning,  and
circuit  wiring  at  the  same  time,  which  significantly  facilitates
fabrication  and  assembly.  LIG  TENGs  have  recently  been  de-
veloped  that  can  simplify  the  TENGs  fabrication  process  due
to the in-site growth on the PI, and to solve the difficulty of ad-
hesion  stability  between  conductive  materials  and  PI  sub-
strate[51].  For  chemical  device  applications,  the  high  specific
surface  area,  biocompatibility,  and  conductivity  of  LIG  makes
it  potentially  useful  in  the  fields  of  the  supercapacitors,  elec-
trocatalysis, and biosensors.

There  is,  however,  still  room  to  improve  the  perform-
ance  of  different  LIG-based  devices.  For  example,  the  pack-
aging area of flexible electronics is still too large. To further im-
prove  the  integration  and  resolution  of  interdigital  elec-
trodes,  advanced  femtosecond  laser  processing  may  be  a
good  method[84].  For  biosensor  devices,  because  real-time
monitoring  of  body  signals  is  the  future  direction  of  human
healthcare, the integration of multifunctional components on
a  single  substrate  to  form  self-powered  “all-in-one” bio-
sensors  will  be  a  very  promising  direction.  For  most  other
chemical  devices,  the  single  carbon  material  is  not  suitable
for  efficiently  electrocatalytic  water  splitting  and  CO2 reduc-
tion, as well as supercapacitors. Combining with other materi-
als, such as Cu (for CO2 reduction) and MnO2 (for supercapacit-
ors),  is  a  useful  strategy to future improve their  performance.
Of  course,  the  combination  of  laser  technology  and  biopoly-
mer  will  also  create  new  application  scenarios,  which  are  ex-
tremely  attractive  to  the  development  of  biology,  environ-
ment,  energy,  and  related  fields.  Overall,  by  keep  improving
the  quality  of  LIG  and  their  composites  with  advanced
strategies, LIG will have a bright future for practical device ap-
plications in many fields.
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