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ABSTRACT

Ionic  liquids  (ILs)  are  expected  to  be  used  as  readily  available  “designer”
solvents,  characterized  by  a  number  of  tunable  properties  that  can  be
obtained  by  modulating  anion  and  cation  combinations  and  ion  chain
lengths.  Among  them,  its  high  ionicity  is  outstanding  in  the  preparation
and property modulation of two-dimensional (2D) materials. In this review,
we  mainly  focus  on  the  ILs-assisted  exfoliation  of  2D  materials  towards
large-scale  as  well  as  functionalization.  Meanwhile,  electric-field
controlled ILs-gating of 2D material systems have shown novel electronic,
magnetic, optical and superconducting properties, attracting a broad range
of  scientific  research  activities.  Moreover,  ILs  have  also  been  extensively
applied in various field practically. We summarize the recent developments
of  ILs  modified 2D material  systems from the electrochemical,  solar  cells
and  photocatalysis  aspects,  discuss  their  advantages  and  possibilities  as
“designer solvent”. It is believed that the design of ILs accompanying with
diverse 2D materials will not only solve several scientific problems but also
enrich materials design and engineer of 2D materials.
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 1   Introduction

Environmental  issues  are  currently  one  of  the  major
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issues world-widely, and the extensive use of destructive
solvents  and  their  non-degradable  volatility  inevitably
add to environmental burden [1–3]. As a potential alter-
native solvent, researches on ILs have gradually prolifer-
ated since the first  review on “Room-temperature ionic
liquids:  synthetic  and  catalytic  solvents” was  published
in Chemical Reviews in 1999 by Welton [1]. Accompanying
with the extensive researches of ILs in chemical synthesis
and catalysis, notable reviews of ILs with applications in
biomedicine  [4, 5],  energy  materials  and  storage  [6–10]
and  electrochemical  [11]  fields  have  been  reported.  In
this  article,  we  will  summarize  the  recent  development
of ILs with a different perspective.

It is well known that ILs are salts composed of inorganic
anions  and  organic  cations  with  melting  points  below
100  °C  [12].  IL  solvents  can  be  easily  designed  with
desired physicochemical properties and functionalities by
varying  different  combinations  of  cations  and  anions
assigned to them [13–17]. ILs as solvents generally have
the  following  features:  i)  they  are  good  solvents  for  a
wide range of inorganic and organic materials, which can
bring  different  combinations  of  reagents  into  the  same
phase  and  become  a  substitute  for  various  volatile
organic solvents, inorganic acids, alkalis, solid acids, etc.;
ii) they are usually composed of poorly coordinated ions,
resulting  in  highly  polarity;  iii)  they  are  incompatible
with  many  organic  solvents,  providing  non-aqueous
polar  alternatives  for  two-phase  systems  where
hydrophobic  ILs  can  be  used  as  water-immiscible  polar
phases;  iv)  ILs  are  non-volatile  due  to  the  electrostatic
interactions between ions, which can be used to eliminate
the  sealing  problems,  enabling  the  applications  in  high
vacuum  systems.  Due  to  the  high  ionic  concentration
and the strong interaction between ions, ILs show novel
applications in various fields, particularly in two-dimen-
sional  (2D)  material  systems  which  will  be  expanded
later.

Since graphene,  i.e.,  a single atomic layer of  graphite
material,  was  successfully  isolated  by  Geim’s  group  at
the University of Manchester in 2004 [18, 19], the family
of  2D  materials  has  been  spreading  rapidly  [20].
Common  2D  materials  include:  transition  metal
dichalcogenide  (TMDs  [21–31]  including  MoS2,  MoSe2,
MoTe2,  WS2,  WSe2,  ReS2,  TaS2,  etc.),  noble  metal
dichalcogenides  (NMDs:  PdSe2,  PtSe2,  PtS2,  etc.),
graphene [32–34], hexanol boron nitride (h-BN) [35, 36],
black phosphorus (BP) [37], silicene [38], germanene [39],
borophene  [40],  layered  double  hydroxide  (LDHs),
graphite carbon nitrides (g-C3N4) [41],  MXenes (usually
transition metal nitrides or carbides) [42], metal–organic
frameworks  (MOFs),  covalent–organic  frameworks
(COFs), organic–inorganic hybrid perovskites, transition
metal  halides,  etc.  [43].  2D  materials  with  no  dangling
bonds,  van  der  Waals  (vdW)  heterostructures,  lateral
dimensions  of  hundreds  of  nanometers  to  tens  of
micrometers  and  thickness  of  several  atomic  layers,
exhibit  novel  physical  properties  and  offer  promising
applications  in  electronic,  optoelectronic,  and  energy

harvesting  devices  [44–46].  Large-area,  high-quality  2D
materials  underpin  the  development  of  next-generation
electronic and optical devices, providing enhanced inter-
faces  to  optics  and  heterostructure  devices  [47].  The
introduction  of  ILs  in  2D  materials  brings  additional
tuning approach both for material syntheses and manip-
ulations  of  novel  physical  properties  [48].  In  this  paper
we  focus  on  some  recent  developments  of  ILs  in  2D
material  systems,  which  will  consist  of  five  sections  as
shown below: i) ILs-assisted exfoliation of 2D materials;
ii) ILs-gating modulated physical properties of 2D mater-
ials;  iii)  ILs  modified  2D  material  electrodes  towards
high  electrochemical  performance;  iv)  ILs  as  organic
spacers  for  chalcogenide crystallization in solar  cells;  v)
ILs as embedding agents in photocatalysis.

 2   Basic properties of ionic liquids

As above-mentioned, ILs can exhibit superacidity, basic-
ity, hydrophilicity, water miscibility and water insolubil-
ity, depending mainly on the interaction, size, geometry
and  charge  distribution  between  the  different  organic
cations and inorganic anions [49]. The most widely used
cations  include  ammonium,  sulfonium,  phosphonium,
imidazolium,  pyridinium,  picolinium,  pyrrolidinium,
thiazolium, oxazolium and pyrazolium. In particular for
room  temperature  ILs,  researches  mainly  focus  on  ILs
composed of asymmetric N,N-dialkylimidazolium cations
(such  as  1-butyl-3-methylimidazolium  [BMIM]  and  1-
ethyl-3-methylimidazolium  [EMIM])  associated  with  a
variety of anions [1]. Fluorous, chloride, nitrate, acetate,
hexafluorophosphate  [PF6]  and  tetrafluoroborate  [BF4]
are commonly used anions [50].  Among them, the most
widely  investigated  ILs  are  the  ones  with  [PF6]– and
[BF4]– anions,  as  shown  in Fig.  1.  In  similar  ILs,
although  the  cations  are  the  same,  small  changes  in
anion  type  can  significantly  affect  the  physicochemical
properties.  For  example,  IL  with  [BMIM]  cation  and
[PF6]– anion  is  immiscible  with  water,  whereas  IL  with

 
Fig. 1  Frequently  used  cations  and  anions  in  IL.  ILs
usually consist of N,N-dialkylimidazolium cations (such as 1-
butyl-3-methylimidazolium [BMIM] and 1-ethyl-3-methylimi-
dazolium  [EMIM]),  and  anions  (hexafluorophosphate  [PF6],
tetrafluoroborate  [BF4]  and  bis  (trifluoromethylsulfonyl)
imide ([TFSI] or [NTf2])).

FRONTIERS OF PHYSICS TOPICAL REVIEW

43601-2   Na Sa, et al., Front. Phys. 18(4), 43601 (2023)

 



same  cation  but  [BF4]– anion  is  water  soluble.  The
feature  that  different  ion  pairs  determine  the  physical
and  chemical  properties  of  the  liquid  makes  ILs  with
“designer solvent” property, suggesting that by changing
the  anions  (or  cations)  the  hydrophobicity,  viscosity,
density and solvation of the IL system may be designed
[51].

 3   ILs-assisted exfoliation of 2D materials

Controllable  fabrication  of  2D  materials  has  been  of
essence for maximizing their low dimensional properties
and  future  practical  applications  [52–57].  Commonly
used  methods  for  preparing  single  or  several  layers  of
nanosheets include chemical vapor deposition, microme-
chanical  cracking,  chemical  and liquid phase  exfoliation
(LPE) [58–60]. Among them, LPE was first proposed by
Coleman et  al. [61–63]  in  2008  when  graphite  powder
was sonicated by N-methylpyrrolidone (NMP). LPE has
become  an  important  technological  tool  for  producing
defect-free  nanosheets.  Proper  solvent  selection  in  LPE
is  the  prior  consideration  that  there  should  be  steric
repulsion between exfoliated nanosheets and no in-plane
adhesion  [63, 64].  ILs-assisted  exfoliation  as  a  type  of
LPE  exhibits  some  advantages  over  organic  solvent,
such  as  extremely  low  vapor  pressures,  good  thermal
stability and nonflammability. Due to the strong cation-
mediated interactions between ILs and the layered mate-
rials,  ILs exhibit  great advantage in directly exfoliating
2D  materials  by  ultrasonic  or  microwave  irradiation
methods  to  generate  highly  concentrated  nanosheets
dispersions  [65–68].  In  terms  of  ILs  as  dispersants  for
LPE to prepare 2D materials, distinct progress has been
made in graphene [69–72]. In these studies, electrostatic
interactions  between charged ionic  species  and graphite
planar π-electrons were considered to be responsible  for
the  successful  exfoliation  and  stabilization  of  graphene
[73–77]. In fact, exfoliating 2D materials in ILs is similar
to  the  common way of  stripping  in  solution.  Dai et  al.
[76] demonstrated that natural graphite flakes (Aldrich,
20  mg)  were  dispersed  in  10  mL  of  1-butyl-3-
methyl-imidazolium  bis(trifluoro-methane-sulfonyl)imide
([BMIM][NTf2])  and  the  mixture  was  subjected  to  tip
sonication using 5–10 min cycles (SONICS, 750 W, 80%
amplitude) for a total of 60 min. The resulting dispersion
was centrifuged at 10000 rpm for 20 min and the super-
natant  containing  the  graphene  flakes  in  IL  was
collected and retained for use.  The precipitate obtained
by  centrifugation  was  vacuum  filtered  through  a  pre-
weighed  filter,  then  washed  and  dried  with  ethanol  to
quantify  the  amount  of  unexfoliated  or  thick  graphite
flakes.  Given  the  mass  of  natural  graphite  flakes  used
(20 mg), the concentration of suspended graphene in the
IL  was  calculated  to  be  0.95  mg·mL–1.  Scanning  trans-
mission  electron  microscopy  analysis  showed  that  the
dispersion contained flakes  with micron-sized edges and
only <5 layers.  The material  was also  characterized by

X-ray  photoelectron  spectroscopy  and  Raman  spec-
troscopy.  The surface morphologies  of  a  monolayer and
a  bilayer  graphene  with  micrometer  size  using  directly
[BMIM][NTf2]  IL-assisted  exfoliation  approach  are
shown in Figs. 2(a, b). Synthesizing high-quality layered
2D  TMD  material  has  been  a  longstanding  challenge.
LPE using  traditional  solvents  is  improving  but  suffers
from  low  yields  and  a  long  sonication  time.  However,
planar intact laminated MoS2 sheets had been obtained
by LPE of bulk MoS2 powder using 1-dodecyl-2-pyrrolidone
IL  through  a  simple  one-pot  exfoliation  approach  by
quick  sonication  [78].  Mandal et  al.  [79]  used  two
cationic  polymeric  ILs,  namely  poly(triphenyl-4-vinyl-
benzylphosphonium  chloride)  and  poly(3-N-butyl-1-
vinylimidazolium  bromide)  to  promote  the  LPE  of  2D
MoS2 and MoSe2 in an aqueous medium and found that
the obtained MoS2 suspension showed a thermo-responsive
feature,  as  shown  in Fig.  2(c).  This  method  can  be
extended  for  efficient  generation  of  MoSe2 nanosheets
using the same ILs. In these systems, the polymeric ILs
only allow the aqueous exfoliation of metal chalcogenides,
and their  thermo-responsive  property  can be  attributed
to the presence of Cl- or Br-. Choosing appropriate func-
tional polymer has been suggested to functionalize TMD
nanosheet  based  on  density  functional  calculations
[80, 81].

Wu et al. [82] selected a thermo-responsive copolymer
of  (poly(N-isopropylacrylamide-co-IL),  PNIL  as  the
model polymer to prepare MoSe2-related nanocomposites,
realizing simultaneous exfoliation and noncovalent func-
tionalization of MoSe2 nanosheets. In this system, imidazole
rings  in  PNIL  have  effective  interactions  with  the
layered  MoSe2,  facilitating  the  exfoliation  to  form  the
PNIL-functionalized MoSe2 nanosheets, for a temperature
and  photo-dual-responsive  nanocomposite  hydrogel.
However,  the  temperature-sensitive  function  of  this
hydrogel  is  mainly  supported  by  the  poly  (N-isopropy-
lacrylamide) moiety rather than the polymeric IL moiety.
Inspired  by  the  above  works  [79–82],  Wu et  al. [83]
further used a thermo-responsive polymeric IL (TRPIL)
as a universal polymer surfactant to assist the high-effi-
ciency  exfoliation  of  MoS2,  graphite,  and  h-BN  in  an
aqueous  medium  through  consecutive  sonication,  as
shown in Fig. 2(d). In this case, the reliable interaction
between  2D  materials  and  the  TRPIL  would  facilitate
the exfoliation and simultaneously achieve a noncovalent
functionalization  of  the  exfoliated  nanosheets.  Interest-
ingly,  the  dispersion  stability  of  exfoliated  nanosheet
suspensions  can  be  reversibly  tuned  by  temperature
because  of  the  thermo-responsive  phase  transition
behavior of the TRPIL. As a proof of potential applica-
tions, a temperature and photo-dual-responsive TRPIL/
MoS2 coloring hydrogel with robust mechanical property
and an artificial nacre-like BN nanosheet film with high
thermal conductivity were fabricated.

ILs-assisted  exfoliation  of  2D  layered  materials  is  a
relatively mature route, and increasing the cationic alkyl
chain of ILs to more than 12 carbons converts them into
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smectic IL crystals(ILCs) [84]. Song et al. [84] proposed
the  1-hexadecyl-3-methylimidazolium  chloride  ILCs-
assisted  hydrothermal  exfoliation  of  fluorinated
grapheme (FG).  The proposed method was  efficient  for
exfoliating  FG from bulk  fluorinated  graphite  (FGi)  at
yield  reaching  48%.  The  well-dispersed  homogeneous
FG/-poly  (vinyl  alcohol)  (PVA)  composite  film  were
fabricated  with  robust  mechanical  properties  and
photothermal effects. Meanwhile, the reliable interaction
between FG and ILC led to noncovalent functionalization

of  exfoliated  nanosheets,  which  were  highly  stable  at
room temperature  for  more  than  three  months  without
formation of agglomerates. Then, the tribological proper-
ties  of  the  exfoliated  FG  nanosheets  were  tested  as  a
lubricating  additive,  and  the  friction  coefficient  was
significantly reduced by 82% compared with pure water.
This also confirms that aromatic cations in IL can interact
with graphene through π–π and cation–π interactions [85,
86],  thereby  improving  the  problem  of  low  interfacial
adhesion  of  nanomaterials  on  friction  surfaces  [87].

 
Fig. 2  Direct exfoliation of natural graphite into graphene sheets with micrometer size used [BMIM]-[Tf2N] IL. Panel (a)
and (b) correspond to a monolayer graphene with folded edges and a bilayer graphene, respectively, Reprinted with permission
from Ref. [76], Copyright © 2010 Chemical Communications. (c) Schematic view of (P[VBTP][Cl]) and (P[VimBu][Br]) PIL
promoted solvent-borne efficient exfoliation of MoS2/MoSe2 nanosheets for dual-responsive dispersion and polymer nanocom-
posites.  Owing  to  the  solubility  in  both  water  and organic  solvents,  cationic  PIL molecules  serve  the  dual  purposes  of  an
exfoliating-cum-stabilizing  agent.  PIL-stabilized  nanosheets’ dispersions  are  stable  for  more  than  two  months  at  ambient
temperature.  Reprinted  with  permission  from  Ref.  [79],  Copyright  ©  2017  ACS. (d) Thermally  responsive  polymeric  ILs
(TRPIL)  act  as  surfactants  to  aid  the  efficient  exfoliation  and  the  non-covalent  functionalization  of  exfoliating  of  MoS2,
graphite,  and  h-BN.  Due  to  the  thermally  responsive  phase  transition  behavior  of  TRPIIL,  the  dispersion  stability  of  the
exfoliated nanosheet suspensions can be reversibly tuned by temperature. Reprinted with permission from Ref. [83], Copyright
© 2018 ACS.
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Similarly,  MoS2 nanosheets  were  confined  by  the  ILCs
through π–π and C–H···π interactions, preventing direct
contact  of  MoS2 with  water.  The  ILC–MoS2 dispersion
exhibited  remarkable  dispersion  stability  exceeding  8
months at room temperature [88].

In addition to using IL as solvent for LPE, IL-assisted
grinding is also a common method to exfoliate 2D mate-
rials.  The  exfoliation  of  graphene  nanosheets  and
nanodots  based  on  IL-assisted  grinding  was  firstly
reported by Shang and co-workers [89]. Wang et al. [90]
reported one-step synthesis and surface functionalization
of  MoS2 nanosheets  by  a  facile  IL-assisted  grinding
method in the presence of chitosan. The selected IL with
suitable  surface  energy  could  efficiently  overcome  the
van  der  Waals  force  between  the  MoS2 layers.  At
present,  IL-assisted  grinding  still  needs  to  be  further
developed.

 4   IL-gating modulated 2D materials

The high carrier density and ionic mobility of ILs have
proven  to  be  an  efficient  manner  to  drive  electronic
phase transitions in 2D materials. Electrical double-layer
transistors  (EDLTs)  based  on  electrostatic  ionic  gating
[91, 92]  have  been  shown  to  be  a  versatile  tool  for
achieving  novel  device  functions  [93, 94]  and  inducing
new  electronic  states  [95–98]  at  the  interface  between
ionic media and semiconductor channels. Using IL as the
gating layer, the charge carrier density can be up to 1015

cm–2 at few volts, which has been used to induce many
interesting  physical  properties  including  insulator-metal
transition, unconventional superconductivity, considerable
spin–orbit coupling, competition between different quan-
tum phases, etc. [99–103]. Liu et al.  [104] improved the
turn-off characteristics of carbon nanotubes(CNT)-array
field-effect transistors (FETs) using an ultra-efficient IL-
gating.  In  particular,  it  reduces  the  subthreshold  swing
(SS) of a typical CNT array FET to 75 mV/decade [Fig.
3(a)].  The  SS  values  of  the  30  IL-gated  devices  were
spread  over  a  narrow  range  with  an  averaged  value  of
about  90  mV/decade,  and  some  devices  even  had  SS
values close to the theoretical limit of 60 mV/decade at
room  temperature.  A  direct  comparison  of  an  IL-gated
CNT array  FET (Lch = 290  nm)  with  an  FET with  a
similar  gate  length  (0.25-μm node  with  a  physical  gate
length of 0.18 μm) shows that compared to Si PMOS (p-
type  metal-oxide  semiconductor)  FETs,  CNT  array
FETs  exhibit  better  on-state  current  and  similar  off-
state current in a smaller gate source voltage range.

Lezama et  al.  [105]  studied  MoTe2 with  thicknesses
over 4 nm, using IL-gated transistors, and demonstrated
that  bipolar  transport  on  the  material  surface  can  be
reproduced  with  hole  and  electron  mobility  values
between 10 and 30 cm2·V–1·s–1 at room temperature, as
shown in Fig. 3(b). From the surface transport using IL-
gated  transistors,  scanning  tunneling  spectroscopy  and
optical  transmission  spectroscopy  analyses,  thin  MoTe2

layers may exhibit an indirect (Eg = 0.88 eV) to a direct
bandgap  (Eg =  1.02  eV)  transition  before  mono-layer
thickness.  Wang et  al. [106]  demonstrated  IL-gating  of
suspended  few-layer  MoS2 transistors,  where  ions  can
accumulate  on  both  exposed  surfaces  of  free-standing
samples.  Furthermore,  all  suspended  devices  with  free-
standing MoS2 layers consistently displayed dramatically
improved  conductivity  and  mobility  than  substrate-
supported devices, which suggested the reduction of the
Schottky  barrier  at  the  metal-semiconductor  interfaces
and the dielectric  screening by ILs.  Electrical  transport
data revealed Schottky emission as the dominated trans-
port  mechanism.  By  modulating  IL  gating  voltage,  the
suspended MoS2 devices displayed metal–insulator tran-
sition.  These  results  demonstrate  that  more  efficient
charge induction can be achieved in suspended 2D mate-
rials,  which  with  further  optimization,  may  enable
extremely  high  charge  density  and  novel  phase  transi-
tion,  such  as  the  transformation  to  superconductivity
phase as shown below.

Superconductivity  is  the  least  studied  property  in
TMDs due to methodological difficulty in accessing it in
different  TMD  species.  Wu et  al. [107]  reported  the
systematic studies of superconductivity in MoSe2, MoTe2
and  WS2 by  ionic  gating  but  with  different  physical
mechanisms. IL gating was able to induce superconduc-
tivity  in  MoSe2 based  on  the  dominant  electrostatic
mechanism, but not in MoTe2 because of inefficient electron
accumulation  limited  by  electronic  band  alignment,  as
shown  in Fig.  3(c).  Alternative  gating  using  KClO4/
polyethylene  glycol  enabled  a  crossover  from  surface
doping to bulk doping, which induced superconductivities
in MoTe2 and WS2 electrochemically. These new varieties
greatly  enriched  the  TMD superconductor  families  and
unveiled  critical  methodology  to  expand  the  capability
of ionic gating to other materials. However, in 2D TMD
systems,  some  experiments  also  revealed  a  marked
tendency  to  a  negative  electronic  compressibility,  i.e.,
the  decrease  of  carrier  density  with  increasing  the  gate
bias, which corresponded to a negative quantum capaci-
tance of the electrons in the TMD transistor [108]. The
carrier  transport  mechanism  in  these  IL-induced  low-
temperature metallic state is under debates which seems
to avoid the superconducting or insulating fate of standard
2D  electron  systems.  Grilli’s  group  [109]  suggested  an
intrinsic  nanoscale  inhomogeneity  to  understand  the
peculiar behavior of the metal-superconductor transition
in  these  IL-gated  2D  superconductors.  Modeling  the
system  with  superconducting  puddles  embedded  in  a
metallic matrix, they can fit the abnormal temperature-
dependent resistivity curves of systems like TiSe2, MoS2,
and  ZrNCl.  In  this  framework,  the  low-temperature
debated metallic  state can be attributed to the pristine
metallic  background  embedding  nonpercolating  super-
conducting clusters. They propose this mechanism based
on  the  interplay  between  electrons  and  the  charges  of
the IL-gating, which deepened the understanding of IL-
gating systems.
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Moreover,  the  atomically  thin  TMD  metals  have
unveiled a range of interesting phenomena including the
coexistence of charge-density-wave (CDW) ordering and
superconductivity down to the monolayer limit [110–112].
Xi et al. [113] demonstrate reversible tuning of supercon-
ductivity  and  CDW ordering  in  model  2D  TMD metal
NbSe2 by an IL gating approach. A variation up to ~50%
in the superconducting transition temperature has been

observed, as shown in Fig. 3(d). Both superconductivity
and CDW ordering can be strengthened (weakened) by
increasing  (reducing)  the  carrier  density  in  2D  NbSe2.
The doping dependence of these phase transitions can be
understood  as  driven  by  a  varying  electron-phonon
coupling strength induced by the gate-modulated carrier
density  and  the  electronic  density  of  states  near  the
Fermi surface.

 
Fig. 3  (a) Top-gate FETs fabricated on CNT arrays use IL-gating to maintain low room temperature subthreshold fluctuations
of <90 mV per decade. Left is the transfer characteristics of a typical FET with Lch = 290 nm. Right shows the statistic SS
distribution of 30 IL-gated devices. Reprinted with permission from Ref. [104], Copyright © 2020 Science. (b) Schematic view
of an ionic-liquid gated MoTe2 FET with reversible bipolar transmission (left). I and D mark the features corresponding to
absorption due to indirect and direct optical transitions (right). Reprinted with permission from Ref. [105], Copyright © 2014
2D Materials. (c) Comparisons of typical ambipolar transfer curves of MoS2, MoSe2 and MoTe2 EDLTs measured with VDS =
0.1  V  at  220  K,  which  exhibit  novel  superconductivity  phase  by  ionic  gating.  Reprinted  with  permission  from Ref.  [107],
Copyright  ©  2015  Scientific  Reports. (d) Temperature  dependence  of  the  longitudinal  sheet  resistance  and  the  sheet  Hall
coefficient at selected gate voltages. IL-gating allows the reversible regulations between superconductivity and CDW order in
NbSe2 with variations of the superconducting transition temperature up to ~50 %. Reprinted with permission from Ref. [113],
Copyright © 2016 Physical Review Letters. (e) T-dependence of the specific capacitance Ci. The IL-f InSe FET manifests an
appreciable Ci peak that reaches 550 nF/cm2 at T = 195 K (left)  and schematics  illustrating of  the intersystem Coulomb
interaction-induced self-gating and electrostatic potential profile in the liquid (middle) and rubber phases (right), respectively.
φ illustrates the spatial profile of electrostatic potential in InSe. Reprinted with permission from Ref. [115], Copyright © 2022
Nano Letters.
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During  IL-gating  operation,  both  electrostatic  and
electrochemical mechanisms may operate for a particular
material  system.  The  IL  gating-induced  metallization
may be inhibited in presence of oxygen such as in oxide
materials, indicating the favorable of an electrochemical
effect  therein.  However,  in  more  general  scenarios,  the
role of oxygen in the IL-gating is still unclear. Chen et al.
[114]  performed  IL-gating  experiments  on  a  non-oxide
2D ferromagnetic Cr2Ge2Te6. Their results demonstrated
that  despite  the  large  increase  of  the  gate  leakage
current  in  the  presence  of  oxygen,  the  oxygen  did  not
affect  the  IL  gating  effect  on  the  channel  resistance  of
Cr2Ge2Te6 devices  (<5%  difference),  suggesting  the
dominated electrostatic mechanism on non-oxide materi-
als.

Last  but  not  least,  ILs  alone  may  undergo  tempera-
ture-dependent  phase  transitions,  the  impact  of  IL’s
phase transition on 2D materials is definitely interesting
and only has been addressed recently. Cheng et al. [115]
investigated  inter-system  Coulomb  interactions  in  IL-
functionalized  InSe  FETs  by  displacement  current
measurements  at  different  temperatures,  corresponding
to  the  different  liquid,  rubber  and  glass  phases  of  the
DEME-TFSI  ILs,  as  shown  in Fig.  3(e).  They  found  a
strong self-gating effect that could increase the interfacial
capacitance  by  a  factor  of  50,  reaching  550  nF/cm2 in
the maximum value at 195 K for the rubber phase of ILs.
The  detailed  IL  phase-dependent  transport  properties,
including channel current, carrier mobility, and density,
confirms  the  dominant  self-gating  at  the  InSe/IL  inter-
face, which paves the way to develop liquid/2D material
hybrid devices.

 5   IL modified 2D material electrodes

The  demand  for  flexible,  powerful  and  reliable  energy
distribution  and  storage  is  increasingly  important  with
energy challenges [116]. Among the many approaches to
energy  storage,  Electrochemical  capacitors  (ECs)  have
some distinct  advantages,  such as higher power density
caused  by  fast  charge/discharge  rates  (in  seconds)  and
long cycle life (4100 000 cycles) [117],  but must further
increase  its  energy  density  [118].  ECs  are  mainly
composed  of  electrodes,  electrolytes  and  separators,
where  researchers  attempt  to  improve  the  performance
of  ECs  from  these  three  parts.  From  the  calculation
formula of the energy density of the capacitor: E = 1/2
CV2,  it  can  be  known  that  increasing  the  voltage
window of the capacitor can improve the energy density
more  effectively  [119].  Since  the  voltage V is  mainly
limited  by  the  stability  of  the  electrolyte,  electrolytes
retain  the  focus  of  research  [120–122].  ILs  can  improve
the  performance  of  electrochemical  capacitors  in  two
main  ways:  extended  voltage  window  and  efficient
utilization  of  the  electrode  surface.  ILs  have  received  a
lot  of  attention  as  electrolytes  due  to  their  very  low
vapor pressure, high chemical, thermal and electrochemical

stability,  and  good  electrical  conductivity  especially
above  room temperature  [121, 123–131].  Unlike  organic
electrolytes, ILs have cell voltages >3 V and can provide
longer  cycle  life  even  at  high  voltages  above  room
temperature,  advantages  that  depend  on  the  chemical
properties  of  IL  ions  [118, 123, 132–135].  It  has  been
shown that the double layer capacitance of carbon elec-
trodes  in  ILs  depends  strongly  on  the  ion  polarization
rate.  Applying  different  biased  electric  field,  the  ions
exhibit different preferred orientations, which affects the
dielectric constant in the double layer capacitor as well
as the double layer thickness [123, 136]. Therefore, given
the  different  properties  of  the  positive  and  negative  IL
counter ions involved in the double-layer capacitor,  the
surface characteristics of the positive and negative elec-
trodes  will  be  different,  thus  giving  rise  to  different
supercapacitor  configurations.  The  low  melting  point,
hydrophobicity  and  high  purity  of  IL  create  conditions
for the long cycle life of high-voltage supercapacitor. In
addition to the above advantages,  the high ion concen-
tration  of  ILs  and  the  strong  interaction  between  ions
can  be  adapted  by  adjusting  the  pore  space  on  the
surface  of  the  electrode  material,  thus  increasing  the
energy  density.  The  low  melting  point,  hydrophobicity
and high purity of IL create conditions for the long cycle
life  of  high-voltage  supercapacitor  [121, 137, 138].  The
high  ionic  diffusivity  of  ILs  can  improve  the  contact
angle between the electrode material and the electrolyte
and thus improve the wettability of the electrode.

Electrodes,  as  another  important  component  of  ECs,
are the core of control the performance and function of
supercapacitors  [139].  Conventional  electrodes  mostly
use  carbon-based  materials,  such  as  activated  carbon,
carbon  nanotubes,  reduced  graphene  oxides,  and
templated  carbon  [140–142].  However,  heteroatoms  and
micropores  in  commonly  used  electrode  materials  are
uncontrollable. Hao et al. [143] constructed a 2D microp-
orous covalent  triazine structure (m-CTF) consisting of
defined heteroatoms and/or pore size distributions, using
EMIMBF4 IL  as  the  electrolyte  to  obtain  a  PTF-700
based supercapacitor.  At a working voltage of  3 V, the
supercapacitor  obtained  the  highest  energy  density  and
power  density  of  47.4  Wh/kg  and  7500  W/kg  respec-
tively, which are comparable to state-of-the-art systems
reported  in  literatures  [144–154].  Besides  enhanced
energy densities, pseudocapacitive storage at the surface
of  electrode  materials  can  in  principle  be  increased  by
involving  redox  species  dissolved  in  the  electrolyte
[155–157]. A nanoporous carbon electrodes with matching
electrolytes had proven to minimize self-discharge due to
the  desolvation  of  redox  species  in  the  pores.  Even
though the self-diffusion coefficient in confined pores had
decreased by two orders of magnitude, the ion transport
was still  fast enough to ensure the high electrochemical
energy  storage  [158].  Therefore,  novel  nanostructured
electrode  materials  and  suitable  electrolytes  may  meet
the needs of future generations of electronic devices [159].
In the following, we focus on the IL-modified 2D electrodes
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in representative graphene, MXenes and MOFs systems.
Graphene  has  a  large  intrinsic  carrier  mobility

(~200 000  cm2·V–1·s–1),  high  mechanical  strength
(Young’s  modulus  ~1  TPa),  and  very  high  electrical
conductivity  (~106 S·cm–1)  and  high  theoretical  specific
surface  area  (2630  m2·g–1),  which  is  considered  as  a
promising  electrode  material  for  ECs  [21, 33, 160–162].
However,  due  to  the  strong  van  der  Waals  attraction
between parallel graphene sheets, aggregation or restacking
of  graphene  is  unavoidable  [163].  Notably,  in  IL  elec-
trolytes,  porous  and  dense  graphene  gel  films  can  be
compressed  by capillaries,  achieving  sub-nanoscale  inte-
gration of graphene sheets with continuous ion transport
networks  [164].  The  capillary-like  forces  between
graphene and IL electrolytes  can operate in two strate-
gies.  On  the  one  hand,  by  adapting  the  pore  sizes  on
graphene  electrodes  to  that  of  the  electrolyte  ions,  the
local  Coulomb  order  between  graphene  layers  is
disrupted when the ions are confined by the monolayer,
which will be more efficient for charge storage [165–167].
On  the  other  hand,  a  suitable  contact-angle  between
electrode and electrolyte can improve the wettability of
the  electrode  and  the  ion-diffusion  properties.  Wang
et al. [163] made the porous structure in highly crumpled
and  nitrogen-doped  graphene  (CNG),  which  shows  a
contact  angle  is  ~20°  (versus  69°  for  non-doping
Graphene  electrode),  as  shown  in Fig.  4(a).  The  CNG
electrode exhibited enhanced electronic and ion transfer
properties as well as excellent EC performance. Further-
more,  heterogeneous  structures  with  differential  pore
concentrations  can  facilitate  higher  capacitances.  Su
et  al. [168]  used  activated  carbon  YP50F,  reduced
graphene oxide (rGO), and activated microwave exfoliated
graphene oxide (aMEGO) with different pore character-
istics as heterogeneous electrodes. By rational designing
the  stacking  order  of  the  electrode,  the  ion  transport
from  the  electrolyte  can  be  optimized.  When  the  rGO
with  the  largest  mesopores  being  placed  in  the  middle,
the device exhibited the higher capacitances (171.4 F·g–1,
102.8  F·cm–3,  2.2  F·cm–2)  compared  to  other  stacking
orders or single types of electrodes at a voltage of 2.7 V
using  EMIBF4/AN  IL  electrolyte.  This  strategy  may
open up more  opportunities  to  improve  supercapacitors
with thicker or high-quality load electrodes.

In  addition,  IL  can  also  form  composites  with  2D
graphene nanosheets (GNS) which modifies the structural
and  electronic  properties  of  graphene.  Kim et  al. [169]
reported  the  preparation  of  GNS/IL  composites  simply
by adding the IL([BMIM][PF6])  in graphite oxide (GO)
suspension  prior  to  reduction  procedure  of  GO  into
graphene.  Dur  to  the  stronger  structural  stability  and
the  higher  charge  transfer  of  modified  graphene,  the
GNS/IL composites exhibited higher specific capacitance
of 114 F·g–1 and good rate capability (66% retention at
100 mV·s–1) compared to 99 F·g–1 and 37% retention of
pristine  GNS.  The  GNS/IL  composites  also  showed
enhanced cycle performance of ~80% retention of initial
value  for  3000  cycles  (versus  45%  retention  of  pristine

GNS). Furthermore, the microstructure and capacitance
of  modified  electrode  were  also  dependent  on  the  ILs
concentration. In the rGO/IL composites, the IL([BMIM]
[PF6])  act  as  a  medium  for  exfoliation  of  reduced
graphene  oxide  sheets,  the  rGO/IL  (1:7)  composite
exhibited better rate capability by retaining 55% of the
initial capacitance at 300 mV·s–1 compared to 11.5% for
pristine  rGO.  The  increased  specific  capacitance  and
rate  capability  of  the  rGO/IL  composites  can  be
ascribed to the modification of the surface of rGO sheets
by IL [170].

MXenes  have  good  electrical  conductivity  and  are
currently  being  investigated  as  anodes  for  battery  and
supercapacitor applications, as well as in hydrogen storage
and  adsorbents  [171–178].  However,  MXene  electrode-
based  micro-supercapacitors  [179, 180]  exhibit  low  area
(≤10  μW·h·cm–2)  and  volumetric  (≤20  mW·h·cm–3)
energy densities due to their narrow working voltage in
aqueous  systems  (typically,  0.6–1.0  V).  Using  IL  elec-
trolyte, the voltage window can be increased. In pure (1-
ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)
imide  (EMI-TFSI))  IL  electrolyte  [181],  it  was  found
that the Ti3C2Tx surface became susceptible to different
cations and/or anions of the IL electrolyte under different
polarizations. The Ti3C2Tx MXene achieved a capacitance
of 70 F·g–1 with a large voltage window of 3 V at a scan
rate of 20 mV·s–1.

Moreover, the electrostatic attraction effect generated
between  the  ions  in  the  IL  and  the  MXene  nanosheets
can  also  contribute  to  the  regulation  of  the  interlayer
spacing of the nanosheets [182]. Benefitting from the pre-
intercalation  of  ILs  [183],  MXene-based  electrode  films
prepared  by  interdigitated  mask-assisted  deposition  of
MXene  and  grapheme  [183],  exhibited  continuously
developed ion transport network with interlayer spacing
of 1.45 nm, as shown in Fig. 4(b). This spacing is larger
than  that  of  the  fresh  undried  MXene  (1.27  nm)  and
fully dried MXene (1.09 nm). The resulting micro-super-
capacitors  (MSCs)  assembled  with  the  EMIMBF4 pre-
intercalated  films  and  tested  in  the  same  electrolyte  of
EMIMBF4,  delivering  a  remarkably  high  volumetric
capacitance  of  140  F·cm–3,  high  areal  and  volumetric
energy density of 13.9 μW·h·cm–2 and 43.7 mW·h·cm–3,
as  well  as  a  long-term  cyclability  up  to  10  000  cycles.
The energy density values are the highest of the state-of-
the-art MXene based MSCs reported.

The alkyl chain length of the IL cation has also been
used to modulate the interlayer spacing of MXene [184].
Naguib et  al. [185]  tried  to  use  different  chain  lengths
alkylammonium (AA) cations as intercalation layers into
Ti3C2Tx, in order to produce variation of MXene interlayer
spacings  (d-spacing),  as  shown in Fig.  4(c).  AA-cation-
intercalated Ti3C2Tx (Ti3C2-AA) displayed an enhanced
interlayer  of  ~2.2  nm  and  exhibited  higher  specific
capacitances and cycling stabilities than these of pristine
Ti3C2Tx in 1 M 1-ethly-3-methylimidazolium bis-(trifluo-
romethylsulfonyl)-imide  (EMIM-TFSI)  in  acetonitrile
and neat EMIM-TFSI RTIL electrolytes. Fan et al. [186]

FRONTIERS OF PHYSICS TOPICAL REVIEW

43601-8   Na Sa, et al., Front. Phys. 18(4), 43601 (2023)

 



introduced polymerized polypyrrole (PPy) particles  and
ILs  -based  microemulsion  particles  as  “double  spacers”
to  prepare  high-performance  functionalized  Ti3C2Tx

MXene  composite  films.  Specifically,  the  as-prepared

PPy-MXene-IL-mic  ([EIm][NTf2])  or  ([EMIM][NTf2])
composite film can achieve a high gravimetric capacitance
of 51.85 F·g–1 at a scan rate of 20 mV·s–1 and a temperature
range  between  4  and  50  °C.  Moreover,  the  symmetric

 
Fig. 4  (a) The CNG surface was subjected to wetting by the IL electrolyte for contact angle testing, and the CNG showed
a more hydrophilic surface with a contact angle of 20° (right) (compared to 69° (left) for the GS) allowing wetting of previously
inaccessible  pores.  Reprinted with permission from Ref.  [163],  Copyright  © 2015 ACS Applied Materials  & Interfaces. (b)
The  preparation  schematic  of  IL  pre-intercalated  MXene  films  for  ionogel-based  flexible  micro-supercapacitors  with  high
volumetric energy density. The XRD patterns show the intercalated MXene film with enhanced interlayer spacing of 1.45 nm.
Reprinted with permission from Ref. [183], Copyright © 2019 Journal of Materials Chemistry A. (c) Alkylammonium (AA)
cations with different chain lengths were intercalated into Ti3C2Tx, producing different degrees of MXene interlayer spacing
(d-spacing).  Compared  with  the  pristine  Ti3C2Tx,  the  AA cation  intercalated  Ti3C2Tx (Ti3C2-AA)  exhibits  higher  specific
capacitance  and  cycling  stability.  Top  image  shown  a  schematic  for  the  preparation  of  Ti3C2Tx-AA  and  intercalation  of
EMIM+.  And  SEM  images  of  (left)  pristine  Ti3C2Tx and  (right)  alkylammonium  cations  intercalated  Ti3C2Tx materials.
Reprinted  with  permission  from Ref.  [185],  Copyright  ©  2021  Advanced  Functional  Materials. (d) The  modification  with
imidazolium-based  ILs  protected  the  sensitive  Ti3C2Tx from  degradation,  significantly  improved  the  chemical  stability  of
Ti3C2Tx in aqueous solution, shown as the TEM images and the corresponding SAED pattern of fresh MXene (left) and IL-
MXene flakes (right). IL can postpone the degradation of Ti3C2Tx MXene sheets in aqueous solution. Reprinted with permission
from Ref. [187], Copyright © 2021 Chemical Engineering Journal. (e) The solid-state superionic conductor was obtained by
incorporating IL into MOF. The hybrid shows the highest room temperature conductivity (4.4 × 10–3 S·cm–1) among the IL-
inorporated MOF hybrids reported so far. Schematic of solid-state superionic conductor and room temperature conductivity
of IL-inorporated MOF hybrid. Reprinted with permission from Ref. [189], Copyright © 2019 Angewandte Chemie-International
Edition.
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supercapacitor  device  based  on  the  composite  films
exhibited a maximum gravimetric energy density of 31.2
Wh·kg–1 (at  1030.4  W·kg–1)  at  room  temperature,  as
well  as  91% retention  of  the  initial  specific  capacitance
after 2000 cycles while coulombic efficiency is 91%.

Another  fundamental  challenge  limiting  the  imple-
mentation  of  Ti3C2Tx in  practical  applications  is  its
susceptibility to oxidation in humid or aqueous environ-
ments within only a few days, leading to severely deteri-
orates  of  the  electrical  conductivity  characteristics,
mechanical  strength  and  EMI  shielding  performance
[187]. Wan et al. [187] protected sensitive Ti3C2Tx from
degradation  by  imidazolium-based  IL  modification,
which  significantly  improved  the  chemical  stability  of
Ti3C2Tx in  aqueous  solution  and  the  assembled  free-
standing  Ti3C2Tx thin  films  (IL-MXene)  ,  as  shown  in
Fig.  4(d).  The  crystal  structure  of  the  IL-MXene  sheet
remained  intact  for  up  to  30  days  and  the  2D  layered
structure in aqueous solution for up to 8 months, while
the  tensile  strength  of  the  free-standing  IL-MXene  film
was as high as 75.9±4.9 MPa and comparable to that of
untreated  IL-MXene  films.  Compared  with  the  treated
MXene  film  (41.2±4.5  MPa),  the  increased  tensile
strength is as high as 84%. Based on the radical scavenging
ability of IL and the surface chemistry of MXene sheets,
a  new  mechanism  to  improve  the  chemical  stability  of
MXene sheets is proposed and elucidated.

In  another  group  of  2D  electrode  material,  i.e.,  2D
MOFs, adding a small amount of ILs with good thermal
stability and high ionic conductivity into MOFs can effi-
ciently  overcome  one  of  the  main  disadvantages  of
MOFs,  namely  the  low  ionic  conductivity  of  MOFs  at
room temperature [188]. Yoshida et al. [189] investigated
the relationship between the radial distribution and the
ion  conductivity  of  the  hybrid  system  in  the  hole
through  exploring  the  relevant  characteristics  of  the
mesoporous  MOFs  containing  different  filling  levels,  as
shown in Fig. 4(e). The result showed that the ions with
high  mobility  occupying  the  bulk-like  region  led  to  a
new  class  of  solid-state  superionic  conductors  with  the
highest σ298K (4.4 × 10–3 S·cm–1) among the IL-incorporated
MOF  hybrids  reported  up  to  date.  Furthermore,  the
hybrid system exhibited a notable ionic conduction over
a wide temperature range. The σ value steadily increases
up to ca. 400 K (>10–2 S·cm–1 above 343 K) and exceeds
that  of  the  parent  IL  at  low  temperatures  (<263  K).
Such  special  features  make  it  a  promising  green  and
versatile alternative to conventional aqueous electrolytes
over a wide temperature range across room temperature.
Feng et  al. [190]  analyzed  the  microstructure  of  room
temperature  ILs  in  MOF pores  from the  perspective  of
in-plane  (2D)  and  axial  (1D)  ion  distribution  and  ion
orientation,  elucidating  how  ions  transport  and  reside
within polarized porous MOFs. The results revealed that
these MOF/RTIL-based cells could exhibit performance
superior  to  most  carbon-based  devices  [128, 164,

191–193], which suggested promising avenues for designing
supercapacitors  with  both  high  energy  and  high  power
densities.  In  addition  to  changing  the  MOFs  electrode
mobility,  adding  aqueous  electrolytes  or  organic  elec-
trolytes  can  also  improve  the  low  mobility  problem
caused by the high viscosity of ILs [194–199].

 6   IL enhanced perovskite crystallization in
photovoltaic cell

Halide  perovskites  have  outstanding  performance  in
optoelectronic  applications due to their  high absorption
coefficient,  high  carrier  mobility,  and  tunable  direct
bandgap  [200].  However,  various  defects  can  be  formed
due to  the  precursor  composition and processing  condi-
tions, as well as the rapid growth rate of perovskite thin
films.  Ion  migration  in  the  perovskite  active  layer  —
especially under illumination and heat — is arguably the
most  difficult  aspect  to  mitigate  [201–204].  The  wide
band  gap,  anti-reflection,  high  electron  mobility  and
suitable  work function characteristics  of  ILs  can reduce
the  ion  migration,  control  the  crystallization  of
perovskite  films  and  decrease  the  structural  defects  at
the passivation interface. It is shown that the abundant
free  ion  pairs  in  IL  can  combine  with  ions  on  the
perovskite surface, thus effectively passivating the struc-
tural  defects  at  the  interface  and  improving  ion  migra-
tion.  Bai et  al.  [201]  added  [BMIM][BF4]  ILs  to
perovskite films and found that the work function of the
chalcogenide films decreased from 5.13 eV with the addition
of  BMIMBF4 to  4.81  eV,  and  the  energy  level  of  the
perovskite  absorber  is  close  to  vacuum.  The  change  in
energy level structure is mainly due to the accumulation
of  ion  pairs  of  BMIM  and  BF4 at  the  perovskite/NiO
interface.  The  interactions  between  chalcogenide  and
NiO at  the  interface  are  promoted,  thus  enhancing  the
performance and efficiency of the device. Specifically, it
was  observed  that  the  performance  of  the  most  stable
encapsulated  device  degraded  by  only  about  5%  after
1800  hours  of  continuous  simulation  of  full-spectrum
sunlight at 70 to 75 degrees Celsius.  The time required
for the device to degrade to 80% of its peak performance
was estimated to be about 5200 hours. This is a critical
step  toward  reliable  encapsulated  PV  technology  [201].
Zhu et  al. [205]  used  1,3-dimethyl-3-imidazolium  [PF6]
(DMIMPF6)  (IL)  to  passivate  the  surface  energy  of
Cs0.08FA0.92PbI3,  which  simultaneously  lowered  the
energy  barrier  between  the  perovskites  film  layer  and
hole transport layer. Theoretical simulations and experi-
mental  results  show that  the  Pb-cluster  and  Pb-I  anti-
site  defects  can  be  effectively  passivated  by  [DMIM]
bonding  with  Pb2+ ions  on  the  perovskite  surface,
thereby  significantly  suppressing  nonradiative  recombi-
nation.  As  a  result,  the  solar  cell  efficiency  increased
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from 21.09% to 23.25%. Meanwhile, DMIMPF6
– treated

perovskite  devices  exhibited  long-term stability  because
of the preventing of moisture penetration by hydrophobic
DMIMPF6 layer. In other studies, ILs had been used as
additives  in  perovskite  precursor  solutions  to  ensure
maximum  device  lifetime  under  constant  illumination
[206]. In addition, based on the excellent thermoelasticity
of IL [207], [BMI] IL was employed as an organic spacer
in 2D perovskite to fundamentally change the quantum
well  structure,  the  synthesized  perovskite  solar  cells
exhibited  extraordinary  thermal  stability  under  85  °C
aging.  Hui et  al.  [208]  reported  an  alternative  route  in
which  vertically  aligned  lead  iodide  thin  films  were
grown  from  the  methylamine  IL  formate.  Nanoscale
channels  in the films lowered the barrier  to permeation
of formamidinium iodide and enabled transformation to
α-FAPbI3, even at high humidity and room temperature.
Solar  cells  made  with  these  films  possessed  power
conversion efficiencies as high as 24.1% and high stabil-
ity.

 7   ILs encapsuled 2D photocatalyst

It  is  well  known  that  nanostructured  semiconductors
have strong environmental remediation capabilities [209],
and ultrathin 2D materials with suitable band gaps are
ideal  materials  for  high-performance  photocatalytic
applications [210–212]. Ultrathin structural material can
transport  charge  carriers  inside  the  material  to  the
surface  extremely  quickly,  thereby  promoting  photocat-
alytic activity [213]. Among them, bismuth oxyhalide, as
a  novel  layered  material  with  broad  spectral  response,
has excellent photocatalytic performance [214, 215]. It is
demonstrated  that  efficient  two-dimensional  bismuth
oxyhalide  photocatalytic  systems  can  be  modified
through size  and structure  control  of  the  surface,  while
ILs can promote the growth of photocatalysts composed
of isolated few-layer or single-layer nanosheets [216–219].
In  addition,  the  non-metallic  doping  of  organic  cations
in ILs also affects the photoactivity of 2D photocatalysts
in  the  reaction  environment.  [N-methyl-pyrrolidonium]
chloride IL can enhance solvothermal process and act as
carbon source  for  Bi2O2CO3 [220].  β-Bi2O3/Bi2O2CO3 is
obtained via an IL-assisted solvothermal and calcination
route,  which  has  higher  transfer  ability  of  carriers  and
high activity in visible-light. The IL acts as an intercalating
and  stabilizing  agent  in  addition  to  being  an  efficient
solvent  for  the  synthesis  of  few-layer  Bi2Se3 [221],  the
ionothermal  reaction of  bismuth acetate  and selenourea
in  [EMIM][BF4]  yields  ultrathin  (3–5  layer)  Bi2Se3
nanostructures.  Similarly,  a novel visible light-driven g-
C3N4/Bi4O5Br2 composite was prepared by the 1-hexade-
cyl-3-methylimidazole  bromide  ([C16mim]Br)IL-assisted
solvothermal method [222]. Chen et al. [223] determined

_

that Bi2MoO6 nanosheets can be controlled by ILs with
ammonium cation alkyl chain lengths and polar anions,
and their  adsorption capacities  for azo molecules are in
good  agreement  with  the  σ-profiles  obtained  from
conductor-like  screening  models  for  realistic  solvents.
Pancielejko et al. [224] found that the amount of IL was
beneficial  to  control  the  thickness  and  photoactivity  of
the  nanosheets,  and  the  obtained  ultrathin  IL Bi2WO6
improved  activity  with  h+ and ·OH dominating  role  in
phenol  degradation.  Meanwhile,  it  is  speculated that  in
view of the tunable nature and antimicrobial qualities of
ILs-assisted  photocatalyst,  the  presence  of  IL  residues
could affect for an enhanced inactivation Gram-negative
and Gram-positive bacterium [224].

 8   Conclusions and perspectives

In conclusion, ILs as new environmentally friendly chemical
solvents,  can  be  designed  with  different  combination  of
cations  and  anions  or  ionic  chain  lengths,  showing  rich
applications in chemistry, physics, energy science, mate-
rials  science,  etc.  This  article  focuses  on  the  multiple
applications of ILs in 2D material systems. Due to their
highly ionic nature, ILs interact strongly with nanoparti-
cles,  which  in  turn  promotes  the  formation  of  well-
defined  layered  structures  on  the  charged  surfaces  of
nanocrystals. We present the usage of ILs for exfoliation
and stabilization of  2D ultrathin  nanosheets,  where  the
physical properties of ILs can further facilitate the func-
tionalization of 2D nanosheet. Moreover, the usage of IL
shows advantage to obtain defect-free single-layer or few
layers of graphene with large area and smooth edges due
to the strong interaction between the π electron cloud of
imidazole cation in ILs with various π electron in carbon
nanomaterials.  This  implies  potentials  in  exfoliation
other defect-free 2D materials using ILs [68, 70, 76, 89,
225].  Furthermore,  ILs  with  high  ionic  concentration
have  shown  as  an  efficient  tuning  manner  to  induce
novel physical properties, such as insulator-metal transi-
tion,  unconventional  superconductivity  and  quantum
phase  transitions,  through  electric-field  controlled  IL-
gating.

Besides the fundamental scientific interests on ILs, ILs
have  been  largely  applied  in  energy  storage  fields,  and
we  review  the  applications  in  the  fields  of  ECs,  solar
cells  and  photocatalysis.  Regarding  ECs  field,  IL-based
electrolytes  allow  an  increased  electrochemical  voltage
window of 4–6 V. ILs can also modify the electrodes in
terms of controlling the capillary-like forces between the
IL electrolytes and 2D electrodes or forming the compos-
ites.  ILs as the intercalation layer can also increase the
interlayer  spacing  of  2D  nanosheets.  By  adjusting  the
pore size or the alkyl chain length of the electrolyte ions,
the  interlayer  spacing  can  be  engineered,  resulting  in
better energy storage properties. Moreover, the environ-
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ment  and  structure  stability  can  be  protected  by  ILs.
Halide  perovskites  show  outstanding  performance  but
easier  formations  of  various  defects  during  perovskite
film growth. ILs exhibit promising potentials in controlling
the  crystallization  of  perovskite  films,  reducing  ion
migration and passivating certain defects.  In 2D photo-
catalyst  aspect,  ILs  can  not  only  modify  the  size  and
structure of the surface, but also modulate the photoac-
tivity through the non-metallic doping of organic cations
from ILs.

ILs  have  also  shown  promising  applications  as  the
intercalation  and  dispersion  media  in  1D  and  0D
systems  [226].  Moreover,  ILs  can  be  designed  with
tunable properties, which provides more possibilities for
different purposes. Even the mixture of ILs with different
fractions  of  water  can  be  engineered  for  the  exfoliation
of  2D  nanosheet,  which  affects  the  viscosity,  electrical
conductivity  as  well  as  the  complex  Coulomb,  van  der
Waals,  hydrogen  bonding,  and  π-π interactions  therein
[227].  At present,  the applications of  ILs in the field of
2D  materials  is  only  in  the  initial  stage,  and  there  are
many possibilities for future modulations at the microscopic
level.

In  recent  years,  with  people’s  increasing  attention  to
their own health and environmental issues, the design of
stable, efficient and processable bactericidal materials is
a  major  challenge  in  various  engineering  fields  against
multi drug resistant bacteria [228–231]. Zhang et al. [228]
also  proposed  in  recent  hot  articles  that  the  nano
spheres  with  excellent  antibacterial  activity  will  be
loaded  with  imidazole  based  ionic  liquids,  which  has
achieved  good  biocompatibility  and  made  outstanding
contributions to the bactericidal application in the field
of  biomedical  activity.  In  addition,  the  combination  of
ILs  and  other  nanomaterials  for  the  joint  detection  of
colorants  in  food  and  cosmetics  has  also  become  a
research hotspot in recent two years. It is believed that
the  combination  of  ILs  and  2D  materials  will  create
more contributions in the future [232, 233].
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 Abbreviations  

Cations of ILs
[BMIM] 1-butyl-3-methylimidazolium
[EMIM] 1-ethyl-3-methylimidazolium

Anions of ILs
[PF6] hexafluorophosphate
[BF4] tetrafluoroborate
[TFSI] or [NTf2] bis(trifluoromethylsulfonyl) imide

Other
ILs Ionic liquids
2D materials two-dimensional materials
TMDs transition metal dichalcogenide
MoS2 molybdenum disulfide
MoSe2 Molybdenum(IV) selenide
MoTe2 Molybdenum Ditelluride
WS2 Tungsten disulfide
WSe2 Tungsten(IV) selenide
ReS2 Rhenium Disulfide
TaS2 tantalum disulfide
NMDs noble metal dichalcogenides
PdSe2 Palladium diselenide
PtSe2 Platina Diselenide
PtS2 Platinum disulfide
h-BN hexanol boron nitride
BP black phosphorus
LDHs layered double hydroxide
g-C3N4 graphite carbon nitrides
MOFs metal-organic frameworks
COFs covalent-organic frameworks
LPE liquid phase exfoliation
NMP N-methylpyrrolidone
N12P 1-dodecyl-2-pyrrolidone

(P[VBTP][Cl]) poly(triphenyl-4-vinylbenzylphosphonium
chloride)

(P[VimBu][Br]) poly(3-N-butyl-1-vinylimidazolium bromide)
(PNIL) (poly(N-isopropylacrylamide-co-IL)
FG fluorinated graphene
EDLTs electrical double-layer transistors
FETs field-effect transistors
CNT carbon nanotubes
SS subthreshold swing
CDW charge-density-wave
Cr2Ge2Te6 Chromium germanium tellurium
m-CTF microporous covalent triazine structure
rGO reduced graphene oxide
aMEGO activated microwave exfoliated graphene oxide
GNS 2D graphene nanosheets
GO graphite oxide

(EMI-TFSI) 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide

Ti3C2Tx Titanium carbide
MSCs micro-supercapacitors
AA-Ti3C2 AA-cation-intercalated Ti3C2Tx

EMIM-TFSI 1-ethly-3-methylimidazolium bis-
(trifluoromethylsulfonyl)-imide

DMIM 1,3-dimethyl-3-imidazolium
Cs0.08FA0.92PbI3 formamidinium-cesium lead iodide perovskite
[Hnmp]Cl [N-methyl-pyrrolidonium] chloride
Bi2O2CO3 Bismuth subcarbonate
Bi2Se3 bismuth selenide
[C16mim]Br 1-hexadecyl-3-methylimidazole bromide
Bi2MoO6 Bismuth molybdenum oxide
Bi2WO6 Bismuth tungstate
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