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ABSTRACT: The global scarcity of water resources poses substantial
challenges  to  human  society,  prompting  the  need  for  innovative
solutions.  Recently  developed  solar-driven  interfacial  evaporation
(SDIE) has emerged as an effective approach to harvest clean water
with  low  cost  and  eco-friendliness.  Laser  processing  technology,
characterized  by  its  simplicity,  efficiency,  and  sustainability,  has
attracted significant interest within the domain of SDIE. In this review,
the  conversion  of  solar  energy  into  thermal  energy  and  the
mechanisms  of  water  transport  for  SDIE  are  first  introduced.  Then,
laser  etching,  laser-induced  graphitization  (LIG),  laser  in-situ
synthesis of LIG/composites, liquid-phase pulsed evaporation, and so
on,  laser  processing  techniques  for  modifying  material  properties  to
enhance  water  evaporation  performance  are  discussed,  as  well  as
the  advantages  and  limitations.  Finally,  the  review  offers  a  forward-
looking  perspective  on  potential  future  advancements,  which  would
provide  the  insight  into  the  domain  of  laser  processing  technologies
for SDIE.
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 1    Introduction
The  ongoing  increase  in  the  global  population,  coupled  with  the
rapid  pace  of  industrialization,  has  rendered  water  scarcity  a
significant  constraint  on  the  sustainable  development  of  human
society  [1].  Within  this  context,  the  development  of  efficient  and
sustainable  water  treatment  technologies,  coupled  with  the
adoption  of  clean  energy  utilization  strategies,  is  critically
important.  Harnessing  abundant  solar  energy  to  produce  clean
water  represents  a  green  and  sustainable  approach  [2].
Conventional  solar  water  evaporation  methods  generally  rely  on
heating the base of the bulk water [3] or applying bulk heating [4],

leading  to  low  efficiency  in  solar-to-steam  energy  conversion.
Conversely,  solar-driven interfacial  evaporation (SDIE)  technology
effectively  localizes  solar  energy  at  the  gas–liquid  interface  [5],
thereby  promoting  rapid  steam  generation  and  significantly
improving  the  efficiency  of  solar-to-steam  energy  conversion  [6].
The  main  factors  affecting  the  performance  of  SDIE  are  the
efficiency with which solar energy is converted into thermal energy
and  the  mass  transport  properties  of  the  bulk  water  to  the
evaporation  interface  [7−9].  Numerous  studies  have  focused  on
improving  and  optimizing  solar  evaporators  based  on  these  two
factors  [10−12],  and  many  investigations  have  employed  laser
processing technology to accomplish this objective [13, 14].

Laser processing technology, recognized as an advanced material
processing  method,  has  been  extensively  utilized  across  various
domains, including electrochemical energy storage [15, 16], flexible
electronics  [16−18],  chemical  sensors  [19],  and  photoelectric
detection [20], this widespread application is attributed to its unique
benefits,  such  as  high  precision,  operational  efficiency,  and  non-
contact  processing  capabilities.  Laser  processing  enables  the  rapid
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and eco-friendly synthesis of photothermal materials, such as metal
nanoparticles  [21],  semiconductor  materials  [22, 23],  and  carbon-
based  materials  [24].  Additionally,  it  allows  for  the  precise
fabrication  of  micro-nanostructures  on  material  surfaces.  These
advancements  contribute  to  enhanced  solar  absorption  and
increased  photothermal  conversion  efficiency,  thereby  garnering
considerable interest within the domain of photothermal interfacial
evaporation.  Furthermore,  laser  processing  technology  facilitates
the  fabrication  of  specialized  structures  [25]  and  composite
materials  [26],  thereby  enabling  multifunctional  synergistic
optimization  through  photothermal  interfacial  evaporation.  This
characteristic  has  endowed  this  technology  with  significant
potential for development in this field.

This  review  article  offers  a  comprehensive  overview  of  recent
advancements  in  laser  processing  technologies  applied  to  SDIE.  It
commences  with  an  examination  of  the  key  factors  influencing
SDIE performance. Subsequently, a detailed analysis was conducted
on  four  laser  processing  techniques—laser  etching,  laser-induced
graphitization (LIG), laser in-situ synthesis of LIG/composites, and

liquid-phase  pulsed  evaporation—along  with  their  respective
applications in solar interfacial evaporation (Fig. 1). The discussion
highlights  the  specific  functionalities  of  each  method  and  their
distinct  advantages  in  the  fabrication  of  interfacial  evaporation
materials.  Finally,  the  challenges  associated with  the  application of
laser processing technology in the SDIE domain were analyzed, and
potential future development directions were explored. The aim of
this  review  is  to  furnish  researchers  in  the  field  with  valuable
references  and  insights  to  facilitate  the  continued  advancement  of
solar interfacial evaporation technologies.

 2    Key  performance  characteristics  of  SDIE
materials

 2.1    Photothermal conversion
Solar  radiation  comprises  electromagnetic  waves  made  up  of
photons exhibiting a range of frequencies. The material can absorb
the  energy  carried  by  these  photons,  thereby  triggering  various

 

Figure 1    The application of laser processing in the SDIE [27], including seawater desalination [28, 29], wastewater treatment [30, 31], clean energy production [32, 33],
and resource recovery [34]. Reproduced with permission from Ref. [27], © Wiley-VCH GmbH 2023. Reproduced with permission from Ref. [28], © Zhang, S. et al. 2023.
Reproduced with permission from Ref.  [29],  © American Chemical Society 2024. Reproduced with permission from Ref.  [30],  © Elsevier B.V. 2025. Reproduced with
permission  from  Ref.  [31],  ©  American  Chemical  Society  2024.  Reproduced  with  permission  from  Ref.  [32],  ©  American  Chemical  Society  2025.  Reproduced  with
permission from Ref. [33], © Elsevier B.V. 2025. Reproduced with permission from Ref. [34], © Wiley-VCH GmbH 2024.
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energy conversion processes. Among them, the photothermal effect
is  one  of  the  most  common  phenomena.  The  efficiency  of
photothermal  conversion  is  a  crucial  determinant  affecting  SDIE.
Laser processing technology has been demonstrated to significantly
improve  the  photothermal  conversion  capabilities  of  materials,
which  underpins  its  widespread  application  in  the  domain  of
photothermal interfacial  evaporation. The mechanisms responsible
for  photothermal  conversion  differ  according  to  the  specific
material involved; the following sections will outline three separate
pathways of conversion.

 2.1.1    Plasmon resonance effect

The  surface  plasmon  resonance  phenomenon  pertains  to  the
coherent  oscillation  of  electrons  induced  when  the  frequency  of
incident photons corresponds to the intrinsic frequency of electrons
at  the  surface  [36].  This  phenomenon  typically  takes  place  in
metallic materials with a high density of free electrons at the surface.
When plasmonic nanometals are excited by photons, the oscillation
of  free  electrons  generates  high-energy  hot  carriers  through  non-
radiative  energy  dissipation  pathways,  also  known  as  Landau
damping processes [37]. The energy carried by these hot carriers is
subsequently  converted  into  thermal  energy  through  interactions
with  phonon  modes,  thereby  enabling  photothermal  conversion
(Fig.  2(a)).  Laser  processing  of  metal  substrates  can  enhance  the
plasmonic effect. By using laser etching technology, microstructures
can  be  fabricated  on  the  metal  surface,  confining  the  light  within
the microstructures and significantly increasing the solar absorption
rate, thereby enhancing the photothermal conversion.

 2.1.2    Non-radiative relaxation

Photothermal  conversion  in  semiconductor  materials
predominantly  occurs  through  the  non-radiative  relaxation
processes  of  electron–hole  pairs.  When  the  energy  of  incident
photons  meets  or  exceeds  the  bandgap energy,  the  semiconductor

absorbs these photons, resulting in the excitation of electrons from
the  valence  band  to  the  conduction  band  and  the  concurrent
generation of holes within the valence band. The energy possessed
by  the  excited  electrons  is  dissipated  via  non-radiative  relaxation
mechanisms;  in  particular,  the  high-energy  excited  electrons  often
undergo collisions with phonons,  thereby transferring their energy
to the lattice  [38].  This  process  enhances lattice  vibrations,  leading
to an elevation in the surface temperature of the material (Fig. 2(b)).
Through  the  deliberate  design  of  the  semiconductor’s  structural
and compositional attributes, its band structure can be modulated,
enabling  the  adjustment  of  its  solar  absorption  properties  [39].
Laser  processing  technology  facilitates  not  only  the  fabrication  of
semiconductor  materials  but  also  the  modulation  of  the
semiconductor  band  gap.  Additionally,  it  can  also  load  metal
nanoparticles  onto  the  surface  of  semiconductors  to  harness
plasmonic effects,  thereby improving the photothermal conversion
efficiency of the semiconductor materials.

 2.1.3    Molecular thermal vibrations

In contrast to non-radiative relaxation processes, molecular thermal
vibrations  within  conjugated  materials  promote  photothermal
conversion.  Specifically,  when  the  energy  of  incident  photons
corresponds  to  the  electronic  transition  energy,  the  conjugated  π
electrons  undergo  excitation  from  the  highest  occupied  molecular
orbital  (HOMO)  to  the  lowest  unoccupied  molecular  orbital
(LUMO). The excited electrons then relax back to the ground state
through electron–phonon coupling, transferring energy that drives
lattice  vibrations  and  causes  the  material’s  temperature  to  rise
(Fig.  2(c))  [40].  The conjugation or hyperconjugation of  π orbitals
plays a critical role in modulating the electronic transitions between
the  HOMO  and  the  LUMO.  In  carbon-based  materials  or
conjugated  polymers  characterized  by  extensive  networks  of  sp2-
hybridized carbon atoms, the energy gap between the HOMO and
the LUMO decreases as the number of π bonds increases [10].

 

Figure 2    Schematic diagram of the photothermal conversion mechanism: (a) plasmon resonance effect, (b) non-radiative relaxation, and (c) molecular thermal vibration.
Reproduced with permission from Ref. [35], © Elsevier Inc. 2024.
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Common  conjugated  materials  include  carbon  nanomaterials,
such as carbon nanotubes [41], graphene [42], and graphene oxide
(GO)  [43−45],  which  contain  a  high  density  of  sp2-hybridized
carbon  atoms  and  are  rich  in  delocalized  π  electrons.  These  π
electrons have low binding energy, allowing electronic transitions to
be  excited  by  light  across  a  broad  wavelength  range,  thereby
enabling  full  absorption  of  sunlight.  This  property  makes  them
excellent  candidates  for  solar-driven  photothermal  water
evaporation  materials  [40, 46].  Additionally,  some  conjugated
polymers,  such  as  polyaniline  (PAN)  [47]  and  polypyrrole  (PPY)
[48−50],  possess  continuous  π-conjugated  carbon  backbones  and
are among the material systems capable of achieving efficient solar
photothermal water evaporation [51].

 2.2    Surface wettability
Beyond  attaining  efficient  solar-to-thermal  energy  conversion,
surface wettability plays a critical role [52, 53]. It not only affects the
water transport mechanisms but also exerts  a substantial  influence
on the evaporation rate [11]. The heat transfer efficiency during the
evaporation  process  is  contingent  upon  the  dynamic  behavior  of
the  liquid  film,  which  is  governed  by  the  wettability  and
morphological  characteristics  of  the  solid  surface  [54].  Wettability
influences the morphology of liquid droplets on solid substrates and
is commonly quantified by the contact angle [55, 56].

On  a  smooth,  chemically  homogeneous  surface,  a  droplet  will
maintain a stable state (Fig. 3(a)). The intrinsic contact angle (θY) is
related to the three surface tensions at the contact line by Young’s
equation [58]

γsv = γsl + γlv cosθY (1)

The γsv, γsl, and γlv represent the surface tensions of the solid–vapor,
solid–liquid,  and  liquid–vapor  interfaces,  respectively.  In  reality,
solid  surfaces  are  typically  rough,  which  leads  to  varied  liquid
wetting  behaviors.  In  1936,  Wenzel  was  the  first  to  provide  a
theoretical explanation for the influence of surface roughness on the
contact  angle  [59],  positing  that  surface  roughness  enhances  the
wetting properties of a liquid on a solid substrate. When a droplet is
in  intimate  contact  with  a  rough  surface  (Fig.  3(b)),  the  material
demonstrates  hydrophilic  behavior,  consistent  with  the  Wenzel
state  model.  In this  model,  the  apparent  contact  angle,  denoted as
θW, is characterized by Eq. (2)

cosθW = rcosθY (2)

where r denotes the roughness factor, defined as the ratio between
the  actual  solid  surface  area  and  its  projected  area.  The  equation
demonstrates  that  surface  roughness  (where r >  1)  enhances  the
wetting characteristics.  Utilizing the Wenzel state model to predict
surface  wettability  suggests  that  surface  roughness  intensifies  the
intrinsic  wettability  properties  of  a  surface,  thereby  augmenting

hydrophilicity  in  hydrophilic  surfaces  and  reinforcing
hydrophobicity in hydrophobic surfaces. Nevertheless, this model is
limited  in  its  applicability  and  does  not  hold  when  the  rough
features of the solid surface are not completely wetted by water. In
1944,  Cassie  and  Baxter  proposed  an  alternative  solid–liquid
contact configuration [60], wherein the droplet is supported by the
microstructures  present  on  the  solid  surface  (Fig.  3(c)).  This
configuration is referred to as the Cassie–Baxter state. The apparent
contact angle, denoted as θC, in this state is described by Eq. (3)

cosθC = fcosθY − 1+ f (3)

The f represents  the  fraction  of  the  solid–liquid  interface  beneath
the droplet. In the Cassie–Baxter state, the droplet is suspended on
the  microscopic  structures  of  the  solid,  interacting  only  partially
with  the  tips  of  these  structures  and  forming  a  gas “cushion”
beneath  the  droplet  [61].  This  structure  reduces  the  solid–liquid
contact  area,  resulting  in  a  high  contact  angle  and  imparting
hydrophobic  characteristics  to  the  material  [62].  According  to  the
Cassie–Baxter  model,  micro-nano  structures  on  surfaces  can
enhance  their  inherent  wettability,  rendering  hydrophilic  surfaces
more  hydrophilic  and  hydrophobic  surfaces  more  hydrophobic.
Laser  processing  enables  the  precise  fabrication  of  micro- and
nanostructures  on material  surfaces.  By appropriately  selecting the
substrate  and  optimizing  the  corresponding  laser  processing
parameters,  it  is  possible  to  produce  superhydrophilic  or
superhydrophobic surfaces.

 2.3    Capillary effect
Although the surface wettability of the material contributes to water
transport, wettability alone is insufficient to satisfy the water supply
demands  of  high-speed  interfacial  evaporation.  An  optimal  water
transmission effect can be achieved solely through the integration of
capillary  effect  [63].  In  1921,  Edward  W.  Washburn  conducted  a
systematic  investigation  into  the  dynamics  of  liquid  flow  within
capillaries  and  porous  materials  [64].  By  positing  that,  driven  by
capillary  forces,  the  liquid  ascends  along  a  V-shaped  groove
(Fig.  3(d)),  the  phenomenon  can  be  mathematically  characterized
by Eq. (4) [65]

Z2 = K(α,θ) γh0

μ
t (4)

cosθ

where Z represents the liquid level height in the capillary. K(α, θ) is
a  geometric  parameter  influenced  by  the  groove  angle α and  the
solid–liquid interface contact angle (θ). γ denotes the liquid surface
tension, h0 is  the  groove  height, μ is  the  liquid  viscosity,  and t
represents  the  time  it  takes  for  the  liquid  to  diffuse  within  the
capillary tube. According to this model, the height of the liquid level
is  strongly  correlated  with  the  contact  angle  at  the  solid–liquid
interface and exhibits a proportional relationship with  [66].

 

Figure 3    Schematic  diagrams  of  different  wetting  states  and  capillary  effects  of  droplets  residing  on  solid  surfaces.  (a)  A  static  droplet  on  a  smooth  surface  with  an
intrinsic contact angle. Static droplets on structured surfaces in the (b) Wenzel state and (c) Cassie–Baxter state. Reproduced with permission from Ref. [57], © Liu, X. et
al. 2025. (d) Schematic diagram of capillary effects.
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The  micro-nanostructures  of  the  material  surface  not  only
improve its hydrophilicity but also augment the capillary effect. The
combined  influence  of  these  factors  facilitates  the  continuous
transport  of  bulk  water  to  the  evaporation  interface,  thereby
establishing  a  robust  basis  for  efficient  photothermal  water
evaporation [67].

 3    Application of laser etching process in SDIE
Laser  etching  is  among  the  most  widely  utilized  laser  processing
techniques [68]. In this process, a high-energy pulsed laser beam is
focused onto the  material  surface  following a  predetermined path,
resulting in selective ablation and the formation of micro-nanoscale
structures  on  the  material  surface  [69]  (Fig.  4(a)).  By  precisely
adjusting  laser  processing  parameters,  including  laser  wavelength,
pulse frequency, and scan line width, it is possible to fabricate micro-
structures  with diverse morphologies  [25].  The subsequent section
offers  a  summary  of  recent  research  developments  in  using  laser
etching in SDIE.

Microstructures  fabricated  on  metal  surfaces  serve  to  confine
incident  light  within  these  features,  thereby  reducing  outward
reflection  and  enhancing  absorption  [70]  (Fig.  5(a)).  When
integrated  with  plasmonic  phenomena,  this  method  can
significantly enhance the photothermal conversion efficiency of the
material.  The  fabricated  microstructures  exhibit  a  diverse  range  of
morphologies.  For  example,  a  micro-hill  structure  adorned  with
nano-scale snowflake-like features was engineered on the surface of
Al  foil  [71],  resulting  in  a  substantial  increase  in  solar  absorption
efficiency.  Additionally,  the  surface  appearance  transformed  from
silver  to  black  (see Fig.  5(b)).  Alternatively,  the  structure  may
consist  of  micro-pyramids  (Fig.  5(c)),  which exhibit  superior  solar
absorption  capabilities  (96%  absorption  rate, Fig.  5(d)).
Additionally,  this  configuration  demonstrates  exceptional
photothermal  conversion  efficiency,  reaching  temperatures  up  to
83.8  °C  under  standard  solar  irradiation  (Fig.  5(e))  [72].
Importantly, this design maintains effective solar absorption across
a broad spectrum of incident angles, thereby making it suitable for
application  in  diverse  geographic  regions  worldwide.  The  laser

etching  technique  is  compatible  with  both  metallic  and  carbon-
based  materials  [74].  A  fish-scale-inspired  pattern  can  be
engineered  on  the  surface  of  the  GO-sodium  alginate  (SA)
composite  hydrogel  (GAH)  (Fig.  5(f)),  attaining  95%  absorption
under  full-spectrum  sunlight,  which  markedly  surpasses  that  of  a
non-biomimetic  reduced  GO  (rGO)/alginate  hydrogel  (Figs.  5(g)
and 5(h)).  This  design  resulted  in  a  high  evaporation  rate  of
2.51 kg·m−2·h−1 [73].

Micro-nanostructures not only induce a light-trapping effect but
also  increase  surface  roughness,  thereby  enhancing  hydrophilicity
and  achieving  superwetting  of  water  on  the  material  surface  [75]
(Fig.  6(a)).  In  conjunction  with  capillary  effects,  these  features
facilitate  continuous  water  pumping  to  the  evaporation  interface,
promoting  water  evaporation.  The  fabrication  of  ordered  micro-
groove  arrays  on  the  surface  of  Al  foil  significantly  enhances
hydrophilicity  and  capillary  effect  of  the  surface  [66].  It  can  be
clearly observed that, driven by capillary action, water is transported
upward against  the  force  of  gravity  (Fig.  6(b)).  These  observations
corresponded with predictions from the classical Washburn model
(Fig. 6(c)). Based on this, the researchers designed a more complex
and orderly “micro-steam volcano structures” on copper foil using
both  nanosecond  and  femtosecond  lasers  (Fig.  6(d)).  The  larger
grooves  located  at  the  edges  of  the  micro-cones  functioned  as
primary water transport channels (Fig. 6(d)(I)), enabling rapid and
long-distance  liquid  transport.  Narrower  micro-grooves  situated
between the micro-cone arrays served as secondary water pumping
channels,  directing  liquid  flow  from  the  grooves  toward  the
periphery  of  the  micro-cones  (Fig.  6(d)(II)).  Additionally,
submicron ripples  and abundant  nanoparticles  on  the  micro-cone
surfaces  further  facilitated  upward  liquid  pumping  (Fig.  6(d)(III)),
ultimately  forming  an  extended  thin  liquid  film  that  fully  covered
the micro-cones.  Owing to  the  precise  design and arrangement  of
the triple-level super-wicking evaporation surface (TWES) capillary
pathways,  the  instantaneous  water  transport  velocity  within  the
micro-cone  structures  reached  88  mm·s−1,  resulting  in  a  high
evaporation rate of 3.33 kg·m−2·h−1 [76].

In  conventional  evaporators,  water  transport  and  evaporation
occur  on  the  same  plane,  resulting  in  the  generated  water  vapor
diminishing  the  solar  energy  absorption  at  the  evaporation

 

Figure 4    Schematic  diagram of  laser  processing  technologies:  (a)  laser  etching,  (b)  LIG,  (c)  laser in-situ synthesis  LIG/composite  materials,  and (d)  laser  liquid-phase
ablation.
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interface.  By  constructing  a  heterostructure  (Janus–S)  on  an  Al
substrate,  the  photothermal  interface  is  physically  decoupled  from
the  water  supply  pathway;  decoupling  the  photothermal  interface
from the  water  supply  pathway  can  effectively  address  the  mutual
interference between evaporation and solar absorption observed in
conventional  systems  [72, 77].  The  water  supply  function  can  be
achieved through capillary action on the supply side, demonstrating
effective  transmission  performance  in  both  horizontal  and  vertical
directions  [77]  (Fig.  6(e)).  Owing  to  its  excellent  water  transport
properties  and  the  design  of  heterogeneous  structures,  the
evaporator  demonstrates  a  high  evaporation  rate  as  well  as
outstanding long-term stability.

In  brief,  the  laser  etching  technique  mainly  creates  micro-nano

structures  on  metal  substrates.  By  leveraging  the  optical  trapping
effect,  the  surface  plasmon  effect  is  enhanced,  achieving  excellent
photothermal  conversion  efficiency.  Furthermore,  it  can  also
enhance the  wetting property  of  the  material  surface  and improve
the water transmission capacity, leading to a substantial acceleration
in  water  evaporation  rates.  In  addition  to  metal  substrates,  lasers
can also process polymeric materials, thereby imparting them with
excellent photothermal conversion properties.

 4    Application of laser-induced graphene in SDIE
Since the inception of LIG technology in 2014 [24], it has garnered
significant  interest  from  the  research  community  owing  to  its

 

Figure 5    (a) Schematic diagram of the optical trap effect. Reproduced with permission from Ref. [70], © Elsevier B.V. 2022. (b) Comparison of samples before and after
laser processing of Al foil. Reproduced with permission from Ref. [71], © The Royal Society of Chemistry 2023. (c) Fabrication and morphological analysis of the micro-
pyramid array. (d) Ultraviolet–visible-near infrared spectrum of the solar absorption surface of the micro-pyramid array. (e) Infrared images of the micro-pyramid array
under standard sunlight  at  different angles  of  incidence.  Reproduced with permission from Ref.  [72],  © The Royal  Society of  Chemistry 2021.  (f)  Schematic  design of
biomimetic fish scales. (g) Surface morphology of GAH and real fish scales. (h) Ultraviolet–visible-near infrared spectra of GAH (red curve) and rGO/alginate hydrogel
without fish scale pattern (black curve). Reproduced with permission from Ref. [73], © Hao, X. et al. 2023.
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simplicity and patternable to graphene fabrication [78−81] (Fig. 4(b)).
Advancements  in  this  technology  have  extended  the  range  of
applicable  substrates  beyond  polyimide  (PI)  to  include  various
polymeric  materials,  such  as  polyethersulfone  (PES)  [82, 83],

phenolic resin [84, 85], aramid fibers [86, 87], lignin [88, 89], wood
[90, 91],  and  others  [92].  This  diversification  of  substrates  has
substantially  expanded  the  scope  of  LIG  applications,  with
numerous  studies  demonstrating  its  successful  implementation  in

 

Figure 6    (a) Schematic diagram of a superhydrophilic surface. Reproduced with permission from Ref. [75], © American Chemical Society 2025. (b) Capillary action of a
water droplet on the evaporator surface. (c) Relationship between water wet front (Wwf) propagation and time, fitted with Washburn. Reproduced with permission from
Ref. [66], © Singh, S. C. et al.  2020. (d) Schematic diagram of the TWES manufacturing process and surface microstructure morphology. Reproduced with permission
from  Ref.  [76],  ©  The  Royal  Society  of  Chemistry  2023.  (e)  Digital  photographs  of  water  transport  on  the  surface  of  Janus–S  placed  horizontally  and  vertically.
Reproduced with permission from Ref. [77], © Elsevier B.V. 2025.
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areas, including energy storage [15, 79], flexible electronics [18, 80],
and  photoelectric  sensors  [16].  This  chapter  specifically  examines
the application of LIG within SDIE.

LIG  technology  employs  high-pulse  energy  to  directly  irradiate
carbonizable  substrates,  inducing  carbonization  or  chemical
reduction on the substrate surface, thereby generating graphene and
its  derivatives  [78].  Owing  to  the  abundant  π–π  stacking
interactions  present  in  carbon-based  materials,  the  bandgap
between  the  HOMO  and  the  LUMO  is  effectively  reduced,
resulting  in  superior  photothermal  conversion  performance.  As  a
result,  these  materials  have been widely  utilized in SDIE [40].  The
LIG  technique  enables  not  only  the  fabrication  of  photothermal
materials  but  also  the in-situ construction  of  porous  surface
structures.  These  porous  surfaces  reduce  energy  loss  due  to  light
diffuse  reflection  and  substantially  enhance  the  evaporation  area,
they  can  significantly  enhance  the  rate  of  water  evaporation  [93]
(Fig. 7(a)).

In  addition,  laser  processing  carried  out  on  different  substrates
can  result  in  the  creation  of  photothermal  materials  with  unique
properties.  For instance,  LIG fabricated on hydrophobic substrates
exhibits  hydrophobic  characteristics,  whereas  LIG  produced  on
hydrophilic  substrates  demonstrates  hydrophilicity.  The
preparation  of  hydrophobic  LIG  on  PI  films,  with  the  underside
subjected  to  hydrophilic  treatment;  this  structure  enables  the  film
evaporator to stably float on the water surface like a lotus leaf [94]
(Fig.  7(b)).  The  LIG formed on  the  hydrophobic  polybenzoxazine
resin  (poly(Ph-ddm))  exhibits  superhydrophobic  properties  [95]
(Fig. 7(c)). When combined with a forest-like structural design, this
material achieves a high solar absorption rate of 99.0%, along with
notable  salt  resistance  and excellent  acid-base  durability.  Similarly,
asymmetric  laser-induced  treatment  on  both  sides  of  a  wooden
block  results  in  differing  hydrophobic  and  hydrophilic  properties

on  the  upper  and  lower  surfaces,  respectively,  thereby  facilitating
functions, such as salt  resistance and antibacterial purification [96]
(Fig.  7(d)).  This  layered  design  achieves  a  solar  energy  conversion
efficiency  of  110%,  with  removal  rates  of  ≥  99.9%  for  metal  ions
and  ≥  90%  for  lipophilic  contaminants,  while  maintaining  stable
operation even under high salinity conditions.

LIG  technology  facilitates  the  design  of  both  specific
microstructures  and  macroscopic  structures.  The  interaction
between  an  infrared  laser  and  the  processed  material  generates  a
non-uniform distribution of thermal stress, which leads to material
curling.  By making rational  use  of  this  phenomenon,  it  is  possible
to fabricate three-dimensional (3D) LIG with specialized geometries
in-situ,  as  demonstrated  by  arched  evaporators  (Fig.  8(a)).  The
integration of its macroscopic arched architecture with a grass-like
microstructure significantly enhances the rate of water evaporation.
LIG can be fabricated using various flexible substrates, allowing for
the  design  of  multiple  3D  structures  aimed  at  inhibiting  salt
crystallization  or  directing  salt  deposition.  For  instance,  LIG  was
fabricated  on  hydrophilic  cotton  fabric,  and  a  3D  wavy  structure
was engineered such that its lower section maintained close contact
with the wick layer [29]. This design facilitated the diffusion of high
concentrations of salt ions from the LIG into the seawater, thereby
ensuring that the salt concentration within the LIG remained below
the  crystallization  threshold  (Fig.  8(b)).  This  design  endowed  the
device  with  a  high  salt  resistance  stability,  enabling  continuous
operation for 13 h without salt  crystallization (Fig.  8(c)).  Although
salt crystals may form on the surface, they can be rapidly dissolved
when  subjected  to  dark  conditions  (Fig.  8(c)).  Alternatively,  a
superhydrophilic  conical  structure  (SCE)  can  be  designed
(Fig. 8(d)), which enables selective salt crystallization at the apex of
the cone (Fig.  8(e)).  This ingenious design facilitates salt  collection
without compromising the evaporation rate [98].

 

Figure 7    (a) Schematic diagram of seawater desalination using LIG/PI membrane via interfacial evaporation. Reproduced with permission from Ref. [93], © American
Chemical Society 2020. (b) Schematic diagram of a self-floating solar interfacial evaporation system. Reproduced with permission from Ref. [94], © American Chemical
Society 2020. (c) Forest-like graphene film structure, broadband solar absorption, and theoretical mechanism of high photothermal conversion, along with water contact
angle  measurements.  Reproduced  with  permission  from  Ref.  [95],  ©  American  Chemical  Society  2021.  (d)  Schematic  diagram  of  the  SDIE  system  based  on  wood.
Reproduced with permission from Ref. [96], © American Chemical Society 2020.
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In the domain of seawater desalination, the removal of pollutants
from water represents a critical challenge. The surface of LIG can be
functionalized  with  various  materials  to  facilitate  catalytic
degradation or adsorption of wastewater [31, 83, 99, 100]. Titanium
dioxide  (TiO2)  can  be  doped  into  LIG  (Fig.  9(a)).  The  LIG
facilitated  the  rapid  migration  of  photogenerated  electrons,
effectively inhibiting the recombination of charge carriers, which in
turn  substantially  enhanced  the  photocatalytic  efficiency  of  the
composite  material  [30].  Consequently,  the  LIG/TiO2 composite
demonstrated not only a high evaporation rate of 2.13 kg·m−2·h−1 but
also  superior  degradation  performance  toward  organic  pollutants,
achieving  degradation  efficiencies  of  98.3%  and  97.8%  for
methylene  blue  (MB)  and  rhodamine  B,  respectively  (Figs.  9(b)
and 9(c)). In addition to the incorporation of catalysts, continuous
metal–organic framework (MOF) nanolayers can be synthesized on
the surface of LIG, resulting in the formation of hierarchical micro-
nano  composite  membranes  with  selective  sieving  capabilities
(multilevel cellular graphene skeleton (MCGK)/zeolitic imidazolate

framework-8  (ZIF-8))  (Fig.  9(d)).  During  the  process  of  water
evaporation,  these  membranes  effectively  remove  volatile  organic
compounds (VOCs) (Fig. 9(e)) and metal ions (Fig. 9(f)) [28].

Recent years have witnessed a growing interest in the extraction
of  resources  from  seawater,  with  lithium  extraction  technology
emerging  as  particularly  strategic  [101].  Incorporating  MOF
(HKUST-1)  material  beneath LIG can also  facilitate  the  extraction
of lithium ions (Fig. 10(a)). By leveraging the size effect, HKUST-1
selectively  separates  Li+ from  Mg2+,  enabling  Li+ to  penetrate  the
interior of  LIG. After multiple evaporation extraction cycles,  high-
purity lithium salts can be obtained [34] (Fig. 10(b)).

The  integration  of  photothermal  water  evaporation  with  clean
energy production has significantly improved the efficiency of solar
energy utilization [9, 102, 103]. By preparing LIG on substrates with
hydrovoltaic  effect,  such  as  basswood  [104],  electricity  can  be
generated during the process of interface evaporation (Fig. 10(c)). It
is  also  possible  to  load  materials  on  the  LIG  surface  that  can
promote  the  ion–electron  conversion,  thereby  enhancing  the
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Figure 8    (a) Schematic of CO2 pulsed laser fabrication of arched graphene on PES film. Reproduced with permission from Ref. [97], © The Royal Society of Chemistry
2025. (b) Schematic diagram of the working principle of the 3D LIG evaporator (LIGE) for efficient solar seawater desalination. (c) Demonstration of the salt rejection
capability and self-cleaning performance of the 3D LIGE. Reproduced with permission from Ref. [29], © American Chemical Society 2024. (d) Schematic diagram of the
SCE structure. (e) Illustration of the directional salt crystallisation in the SCE. Reproduced with permission from Ref. [98], © Elsevier B.V. 2025.
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Figure 9    Water purification applications based on LIG. (a) Schematic diagram of photothermal evaporation-photocatalysis. ((b) and (c)) Relative concentration change
curves  of  methylene  blue  and  rhodamine  B  with  illumination  time.  Reproduced  with  permission  from  Ref.  [30],  ©  Elsevier  B.V.  2025.  (d)  Schematic  diagram  of  a
multiphase  water  molecular  sieve.  (e)  VOC rejection  performance  of  MCGK/ZIF-8  membrane  for  aqueous  solutions  of  methanol  (MeOH),  N,N-dimethylformamide
(DMF),  dimethyl  sulfoxide  (DMSO),  and  N-methyl-2-pyrrolidone  (NMP).  (f)  Comparison  of  ion  concentrations  after  seawater  desalination  using  MCGK/ZIF-8.
Reproduced with permission from Ref. [28], © Zhang, S. et al. 2023.
 

Figure 10    illustrates LIG-loaded functional materials utilized for clean energy production. (a) Schematic diagram of the sandwich structure of the solar-driven lithium
extraction device. (b) Schematic of the lithium extraction and regeneration process in the solar-driven device. Reproduced with permission from Ref. [34], © Wiley-VCH
GmbH 2024. (c) Schematic diagram of the water evaporation-induced power generation mechanism. (d) Digital photograph of four devices connected in series, lighting a
light-emitting diode. Reproduced with permission from Ref. [104], © Elsevier Ltd. 2025. (e) Schematic of photothermal evaporation coupled with photocatalytic hydrogen
production. (f)  Comparison of hydrogen production rates of L-wood-P25 before and after filtering the infrared light spectrum. (g) Comparison of hydrogen evolution
rates between the triphasic P25-Pt system and the biphasic photothermal-photocatalytic L-wood-P25 system. Reproduced with permission from Ref. [32], © American
Chemical Society 2025.
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hydrovoltaic  effect  [104].  Moreover,  multiple  evaporators  can  be
connected in series to drive electronic components (Fig. 10(d)).

In  addition  to  electrical  energy,  hydrogen  energy  is  also  an
important  clean  energy  source.  Loading  photocatalysts  on  the
surface  of  LIG  can  also  promote  the  photocatalytic  hydrogen
evolution  [32]  (Fig.  10(e)):  Firstly,  LIG can  increase  the  migration
rate  of  photogenerated  carriers  and  inhibit  the  recombination  of
photogenerated  holes  and  electrons.  Secondly,  this  system  can
directly catalyze water vapor into hydrogen gas, which has a lower
Gibbs  free  energy  compared  to  liquid-phase  catalysis  [105]
(Fig.  10(g)).  Thirdly,  the  higher  temperature  at  the  photothermal
interface  can  promote  the  photocatalytic  hydrogen  evolution
reaction  (Fig.  10(f)).  This  resulted  in  achieving  a  hydrogen
production rate  of  42.4 mmol·m−2·h−1 and a water  evaporation rate
of 4.809 kg·m−2·h−1 without the need to add a sacrificial agent.

In  comparison  to  laser  etching  technology,  LIG  technology
demonstrates  a  broader  applicability  across  diverse  materials,
facilitating  a  greater  variety  of  structural  configurations  and
functional  enhancements.  The  researchers  utilized  the  diversity  of

laser  chemistry  to  couple  other  chemical  reactions  on  the  basis  of
preparing  LIG,  and  finally  obtained  carbon-based  semiconductor
composite materials.

 5    Application  of  laser in-situ synthesis
LIG/composite materials in SDIE
Due to the variety of photochemical reactions, lasers are capable of
producing not only graphene but also graphene-based composites,
such  as  LIG/semiconductors  [106],  LIG/metal  oxides  [108−110],
and  LIG/metal  carbides  [107]  (Fig.  4(c)).  The  doped  materials
increase the number of adsorption sites within the porous structure
of  LIG,  thereby  enabling  efficient  purification  of  contaminated
water. In-situ synthesized rGO/copper sulfide (rGO/CuS) composites
(Fig.  11(a)) [106].  CuS nanoparticles inhibit  the restacking of rGO
nanosheets,  facilitate  the  development  of  mesopores,  and
significantly  enhance  the  specific  surface  area  of  rGO.  This
structural  modification  facilitates  the  effective  adsorption  of
rhodamine  B  and  volatile  m-dinitrobenzene  during  the  water

 

Figure 11    (a)  Schematic  diagram  of  the  laser  synthesis  of  rGO/CuS  nanocomposite.  (b)  Schematic  diagram  of  rhodamine  B  adsorption  by  melamine  sponge  (MS)
loaded  with  rGO/CuS.  Reproduced  with  permission  from  Ref.  [106],  ©  Elsevier  B.V.  2022.  (c)  Schematic  diagram  of  the  preparation  of  NbC-PDG  composite.  (d)
Concentration of metal ions before and after seawater desalination. (e) Absorbance spectra of raw wastewater and purified MB solution (inset: MB solutions before and
after purification). Reproduced with permission from Ref. [107], © Elsevier B.V. 2024.
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evaporation process (Fig. 11(b)). A similar compound of NbC and
polyimide-derived  graphene  (NbC-PDG)  [107]  (Fig.  11(c)),  not
only  exhibits  superior  retention  of  various  metal  ions  (Fig.  11(d))
but  also  can  effectively  remove  methylene  blue  dye  (Fig.  11(e)),
demonstrating significant potential in the field of water purification.

As  an  advanced  derivative  of  LIG, in-situ synthesized  LIG
composites  possess  significant  potential  for  further  development.
To  date,  enhancements  in  composite  materials  have  primarily
focused  on  improving  the  adsorption  capabilities  of  LIG.  The in-
situ synthesis of photothermal-photocatalytic materials within these
composites would represent a pioneering advancement in the field.
The  above  laser  processing  techniques  are  all  applied  to  solid
substrates.  Next,  we will  introduce the  laser  processing technology
in the liquid phase: liquid-phase pulsed ablation.

 6    Application  of  laser  liquid  phase  pulsed
ablation process in SDIE
Liquid-phase  pulsed  laser  ablation,  which  emerged  in  the  1990s
[111],  has  been  extensively  employed  for  the  synthesis  of  diverse
nanomaterials  [112, 113].  In  liquid  media,  the  absorption  of  laser
energy  by  molecules  can  exceed  the  binding  energy  of  valence
electrons,  leading  to  the  generation  of  highly  excited  free  radicals
and  solvated  electrons,  which  subsequently  trigger  chemical
reactions.  These  laser-induced  chemical  reactions  occur  uniformly
under  specific  conditions  and  kinetic  parameters,  yielding
distinctive products.  By positioning a solid target within the liquid
and  focusing  the  laser  beam  at  the  liquid-target  interface,
nanoparticles  are  generated  (Fig.  4(d)),  typically  exhibiting  good
dispersion  within  the  liquid  [114].  This  technique  is  versatile  and

can  be  readily  applied  to  produce  a  wide  range  of  materials,
including  pure  metals,  semiconductors  [115, 116],  dielectric
nanoparticles  [117, 118],  and  advanced  composite  nanomaterials
[119−121]  with  complex  multi-element  architectures.  These
materials can also be applied in the field of SDIE.

Gurbatov  et  al.  utilized  the  liquid-phase  pulsed  ablation
technique to fabricate amorphous TiO2 nanospheres modified with
Au  nanoclusters  (Au@TiO2)  (Fig.  12(a)).  This  laser  treatment
induced  a  reduction  in  the  bandgap  of  the  amorphous  TiO2.
Combined  with  the  plasmonic  resonance  effect  of  the  surface-
modified  Au  nanoclusters,  the  Au@TiO2 exhibited  pronounced
solar  absorption  across  the  visible  and  near-infrared  spectral
regions,  with  an  average  absorption  of  approximately  96%  [122].
Under  simulated  solar  irradiation,  its  photothermal  performance
contrasts  sharply  with  that  of  untreated  TiO2 (Fig.  12(b)).  This
method can also  produce rutile  TiO2 nanoparticles  with abundant
oxygen  vacancies  (L-TiO2)  (Fig.  12(c)).  The  existence  of  oxygen
vacancies  was  shown  to  decrease  the  bandgap  (Fig.  12(d)),
consequently  leading  to  a  substantial  improvement  in  solar
absorption  and  photothermal  conversion  efficiency  [39].  The  L-
TiO2 material  was  subsequently  integrated  onto  nickel  foam  to
construct  a  self-floating  evaporator  (Fig.  12(e)).  This  device
demonstrated  a  water  evaporation  rate  of  1.25  kg·m−2·h−1 and
exhibited  a  photothermal  evaporation  efficiency  of  78.5%  under
standard solar irradiation conditions.

The  photothermal  nanofluid  synthesized  via  the  liquid-phase
pulsed  ablation  technique  can  uniformly  heat  bulk  water  and
facilitate  efficient  water  evaporation.  However,  compared  to
interfacial  evaporation,  bulk-water  heating  demonstrates  certain
limitations.  Although  SDIE  devices  are  assembled  through  post-

 

Figure 12    (a) Schematic representation of the laser ablation process employed for the synthesis of Au@TiO2 nanoparticles in a liquid medium. (b) Optical and infrared
imaging of  Au@TiO2 nanoparticles  and TiO2 subjected to simulated sunlight  irradiation.  Reproduced with permission from Ref.  [122],  © American Chemical  Society
2021. (c) Schematic diagram of preparing L-TiO2 by laser ablation technology. (d) Energy band diagrams of L-TiO2 and C-TiO2. (e) Schematic diagram of solar-driven
water evaporation measurement. Reproduced with permission from Ref. [39], © American Chemical Society 2020.
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processing  methods,  their  efficiency  of  solar-to-steam  conversion
possesses significant potential for enhancement. Notably, due to the
diversity  of  photochemical  reactions,  this  technology  offers
expanded potential applications.

 7    Summary and prospects
Laser  processing  technology  has  been  widely  utilized  within  the
field  of  SDIE,  as  summarized  in Table  1.  This  review  focuses  on

 

Table 1    Summary of reports on laser processing techniques in SDIE

Serial Laser processing technology Substrate Solar
absorption

The rate of water
evaporation (kg·m−2·h−1) Function References

1

Laser etching

Al 95.50% 2.59 Desalination [123]

2 Al 97% 3.76 Thermoelectric
generator [33]

3 Al 99% 3.5 Desalination [124]

4 Al 97% 1.5 Desalination [66]

5 Cu 96% 2.21 Condensate collection [72]

6 Cu — 3.33 Desalination [76]

7 Ti foam 97% 1.79 Desalination [125]

8 N-graphene — 1.77 Desalination [75]

9 GO/SA 95% 2.51 Antibacterial +
wastewater treatment [73]

Advantage: (1) wide applicability of materials and (2) preparation of materials with high solar absorption.

10

Laser induced graphitization

PI film 98% 1.42 Desalination [93]

11 PI film 90.50% 1.512 Desalination [94]

12 PI film 93% 2.83 Desalination [126]

13 PI film 97% 1.31 Desalination [127]

14 PI/LIG + MOF 97% 2.26 Lithium extraction [34]

15 PI/LIG + Cu 96% 2.25 Directional salt
crystallization [98]

16 PES — 2.82 Wastewater treatment +
desalination [83]

17 Poly(Ph-ddm) 99% 1.22 Desalination [95]

18 Polypropylene — 1.93 Wastewater treatment [100]

19 Kevlar fabrics 97% 1.608 Antibacterial [128]

20 Cellulose aerogel 95.20% 1.9 Desalination [99]

21 Cotton paper 98.50% 1.7 Desalination [129]

22 Wood/LIG + MOF 92% 2.66 Hydropower +
desalination [130]

23 Wood — 1.6 Wastewater treatment +
antibacterial [96]

24 Lignin hydrogel 90% 2.33 Hydrovoltaic
generation [102]

25 Glass fibre + GO 93% 2.06 Oil–water separation [31]

26 Biomass porous carbon 95% 1.74 Desalination [131]

Advantage: (1) highly versatile and capable of expansion, (2) wide range of materials applicable, and (3) preparation of materials with high solar absorption.

27

Laser in-situ synthesis of
LIG/composite materials

GO + CuCl2 — 2.09 Wastewater treatment [106]

28 PI + Nb(HC2O4)5 — 0.7 Wastewater treatment [107]

29 PI + CuCl2 98.91% 2.54 Desalination [108]

30 Cellulose paper + Co(NO3)2
+ gelatin 90.80% 1.5 Wastewater treatment [109]

31 Cellulose paper + tannic
acid-iron complex 93.28 1.82 Desalination [110]

Advantage: (1) in-situ preparation of integrated multi-functional materials and (2) highly versatile and capable of expansion.

32

Laser liquid phase ablation

TiO2 87.9% 1.25 Desalination [39]

33 HAuCl4 + TiO2 96% 2.5 — [122]

34 Te foil 85% 1.1 — [132]

Advantage: (1) controllable nanostructure morphology.
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four  principal  techniques:  laser  etching,  laser-induced  graphene
formation,  laser in-situ synthesis  of  LIG/composite  materials,  and
liquid-phase  pulsed  ablation,  along  with  their  corresponding
applications  in  this  area.  Overall,  the  laser  etching  process  can
precisely  and eco-friendly  fabricate  photothermal  materials  as  well
as  surface  modification;  this  method  is  associated  with  relatively
high  processing  costs,  susceptibility  of  the  photothermal  layer  to
wear,  and  limited  capacity  for  multifunctional  integration,
restricting  its  applicability  primarily  to  seawater  desalination.
Conversely, LIG technology offers a wide range of material options
and  features  a  process  that  is  both  convenient  and  efficient.
Moreover,  LIG  exhibits  significant  potential  for  multifunctional
integration,  making  it  suitable  for  diverse  applications,  such  as
seawater  desalination,  wastewater  treatment,  clean  energy
generation, and resource recovery (Table 1). Laser in-situ synthesis
of  LIG/composite  materials  can in-situ synthesize  carbon-based
semiconductor composites. However, the process is more complex
than  LIG,  and  the  applicable  materials  have  certain  limitations,
thereby  narrowing  their  application  scope.  Its  use  is  primarily
confined  to  seawater  desalination  and  wastewater  treatment.
Additionally,  liquid-phase  pulse  ablation  technology  can  produce
nanofluids with high purity and excellent dispersion. Despite these
advantages,  the  process  is  complex,  and  the  resulting  product
exhibits  poor  size  uniformity.  Consequently,  there  remains
considerable potential for enhancement in its practical application.

Laser processing technology presents three significant advantages
in the application of photothermal water evaporation:

(1)  Laser  processing  technology  enables  precise  fabrication  of
photothermal  layers,  allowing  not  only  the  construction  of
microstructures  but  also  the  control  of  the  photothermal  layer
thickness, thereby achieving precise thermal localization design.

(2)  Laser  processing  technology  demonstrates  extensive
compatibility  and  adaptability  in  its  combined  application  with
various materials,  enabling the selection of materials optimized for
specific  application  contexts.  Moreover,  it  can  be  combined  with
various functional materials to achieve multifunctional integration,
with  applications  that  include  wastewater  treatment,  renewable
energy generation, and resource recycling.

(3) The diversity of laser chemistry enables the in-situ generation
of composite materials possessing multiple functionalities.

This  field  remains  rich  with  potential  for  further  development.
Here,  we  propose  the  following  possible  research  directions  for
future reference:

(1)  Both  laser  etching  technology  and  LIG  technology  face
challenges  concerning  the  mechanical  abrasion  and  material
detachment  of  microstructures  or  photothermal  coatings  formed
on  material  surfaces.  This  issue  remains  unresolved,  thereby
requiring further research to achieve a comprehensive solution.

(2)  Integrating  laser  processing  with  machine  learning  for
adaptive  optimization  in  the  design  of  evaporator  structures  and
materials.

(3)  Mechanistic  investigation:  How  can  ultrafast  laser in-situ
characterization  techniques  be  employed  to  perform  real-time
analysis  of  the microscopic mechanisms governing water and heat
transfer during the interfacial evaporation process?

In  conclusion,  this  work  provides  a  systematic  review  of  the
application of laser processing technology in SDIE. Laser processing
technology  improves  photothermal  conversion  efficiency  through
three  primary  approaches:  fabricating  microstructures  on  material
surfaces, directly carbonizing the material and modulating the band
gap  of  semiconductor  materials.  Creating  microstructures  that

enhance  hydrophilicity  and  capillary  effect,  thereby  facilitating
water transport. Currently, laser micro-nano processing technology
has been effectively applied in SDIE; nevertheless,  it  is  constrained
by  certain  limitations.  Conversely,  laser  chemical  synthesis  holds
significant  promise  for  future  advancement.  This  review  aims  to
support the progression of laser processing technologies within the
context of SDIE.
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