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T wo-dimensional  (2D)  transition  metal  carbides,
nitrides  or  carbonitrides  (MXene)  have  attracted
tremendous  attention  as  a  potentially  the  largest

family  of  inorganic  materials.  They  have  a  general
formula Mn+1XnTx, where M is an early transition metal
(2 or more can be present in a random mix or a specific
order), X is C and/or N elements (oxygen can partially
substitute),  and  Tx (x is  variable)  represent  surface
terminations,  which  can  include  reactive  end  groups
(such as –OH and =O), halogens and chalcogens, and n
can  vary  from  1  to  4  (fractions  are  possible).  All
MXenes  can  either  be  produced  as  multilayer  particles
(ml-MXene)  or  delaminated  (d-MXene)  single-layer
flakes.

Their  superior  properties  and  numerous  application
prospects  are  the  ones  to  credit  for  the  ever-increasing
attention to this family of materials since the first report
on  Ti3C2Tx MXene  published  in  2011  [1].  Typical
MXenes  combine  metallic  conductivity  of  transition
metal carbides and nitrides with hydrophilic and redox-
active surfaces that occur as a result of their hydroxyl or
oxygen terminations. One can look at them as metallically
conductive  clays  or  water  dispersible/processable  2D
metals  with  a  tunable  density  of  states  at  the  Fermi
level.  This  perspective  article  is  a  part  of  the  special
topic of Frontiers of Physics on MXene and Its Applica-
tions.  It  particularly  addresses  research  topics  covered
by the journal.

Given  this  unique  combination  of  properties  of
MXenes, there are numerous promising applications that
are  being  explored,  which  include  lithium  and  sodium-
ion  batteries  [2],  supercapacitors  [3],  electrocatalysts
nanomaterials [4], optoelectronic devices [5], and flexible

sensors  [6],  to  name  a  few.  In  particular,  this  special
topic  of Frontiers  of  Physics includes  papers  on  such
novel and important topics as MXene-based bifunctional
oxygen electrocatalysts for rechargeable zinc–air battery
[4] and a polarization-sensitive, self-powered, broadband
and  fast  Ti3C2Tx MXene  photodetector  covering  the
range  from  visible  to  near-infrared  and  driven  by  the
photogalvanic effect [5].

In  parallel  with  the  increasing  number  of  MXene
structures  and compositions  reported,  the proportion of
different  applications  in  the  total  number  of  MXene
publications  has  changed  drastically  over  the  past
decade. The chart in Fig. 1(a) that is based on our Web
of  Science  search  with  different  topics  on  31  December
2022  shows  more  than  12  500  MXene  publications.
Moreover, further analysis shows an order of magnitude
increase  in  the  total  number  of  MXene  publications
since  the  end  of  2018  [Fig.  1(b)].  Another  interesting
aspect is the expansion of MXenes to new research fields,
such as  mechanical  engineering,  biomedical  engineering,
and  electronics,  particularly  flexible  and  printable  elec-
tronics, as well as optoelectronics. It is noteworthy that
Alshareef  and  co-workers  suggested  a  term  MXetronics
for MXene-based opto-electronic devices and nanosystems
[7]. The increase in the proportion of new research fields
in  the  total  number  of  MXene  publications  is  partially
attributed to rapid successful applications of MXenes in
those  new  fields,  but  biomedical  and  energy-related
applications keep rapidly expanding too.

With the rapid development of modern microelectronics
and  telecommunication,  2D  MXene  materials,  their
derivatives and van der Waals heterostructures, could be
used to design microwave absorbers with predefined and
tunable properties [8, 9]. In particular, the next generation
of wearable electromagnetic interference (EMI) shielding
materials  requires  flexibility,  lightweight,  ultrathin  and

 
Special Topic: MXene and Its Applications (Eds.: Qing Huang,
Ju Han Lee & Guangcun Shan)

VIEW & PERSPECTIVE
Volume 18 /  Issue 1 /  13604 /  2023

https://doi.org/10.1007/s11467-022-1254-2  

 

mailto:gshan2-c@my.cityu.edu.hk
mailto:gogotsi@drexel.edu
mailto:gshan2-c@my.cityu.edu.hk
mailto:gogotsi@drexel.edu
https://journal.hep.com.cn/fop/EN/subject/showCollection.do?subjectId=1644371906813
https://doi.org/10.1007/s11467-022-1254-2


robustness  to  protect  microelectronic  devices  from elec-
tromagnetic  radiation  pollution.  Flexible  and  ultrathin
dopamine  modified  MXene@cellulose  nanofiber
(DM@CNF)  composite  films  with  alternate  multilayer
structure  have  recently  been  produced  by  a  facile
vacuum  filtration  induced  [9].  Oxygen  electrocatalysts
are of great importance for the air electrode in zinc–air
batteries (ZABs). Owing to large surface area, high elec-
trical conductivity and ease of modification, the elaborately
modified 2D MXene-based electrocatalysts exhibit excel-
lent  performance  toward  the  oxygen  reduction  reaction
(ORR) and oxygen evolution reaction (OER). Motivated
by the rapid development of bifunctional electrocatalysts
toward ORR and OER, Ma and co-workers reviewed the
latest  progress  of  electrocatalysts  based  on  MXenes,
graphene  and  other  2D  materials,  covering  structure,
synthesis, and electrocatalytic performance of these cata-
lysts, as well as their applications in rechargeable ZABs
[4]. The article also addresses the challenges in the field
and  provides  outlook  for  advancing  the  rechargeable
ZABs.

MXenes  are  typically  prepared  from  MAX  phase
ceramic  precursors  by  selectively  etching  A-element
(usually, Al) layers [1, 6]. The crystal structure of MAX
phases is  comprised of Mn+1Xn structural  units and the
single  atomic  planes  of  A  stacked  alternately.  Notably,
the MAX phases and their  derived MXene phases have
both metal  features  and ceramic  features,  and they  are
anticipated  to  be  promising  thermoelectric  materials.
When reaching the monolayer limit, it is often that the
crystals  start  to  behave  very  differently  comparing  to
their  3D  counterparts  [10].  Interestingly,  some  MXenes
are predicted to have distinct magnetic properties, such
as ferromagnetic order with a range of transport behav-
iors,  including  metallicity,  half-metallicity,  and  semi-

metallicity [11–14]. Recently, ferromagnetism [12–15] has
been  predicted  and  superconductivity  experimentally
confirmed [16] in 2D MXene materials. Particularly, out-
of-plane  ordered o-MXenes  with  the  formulas  (M′ 2M′ ′ )
X2Tx and (M′2M′′2)X3Tx, where M′′ atoms constitute the
inner  metal  layer(s),  and  M′  atoms  are  placed  in  the
outer  layer  (e.g.,  Cr2TiC2Tx)  are  promising  [14].
Chromium containing o-MXenes Cr2M′′CTx (T = H, O,
F, OH, or bare), where M′ ′ = Sc, Y, Ti, Zr, Hf, V, Nb,
Ta, Mo, or W, have been predicted to achieve intrinsic
magnetism  by  spin-polarized  density  functional  theory
(DFT) calculations, which provides a new comprehensive
potential  strategy  for  designing  MXenes  in  spintronics.
It  is  worthwhile  highlighting  that  ferromagnetic  half-
metallicity, antiferromagnetic semiconducting, as well as
antiferromagnetic half-metallicity have been predicted in
the o-MXenes  [15].  What’s  more,  ferromagnetic  half-
metallic Cr2ScC2, Cr2ScC2H2, Cr2ScC2F2, and Cr2YC2H2
are  characterized  with  wide  band  gaps  and  high  Curie
temperatures.  In  addition,  the  antiferromagnetic  semi-
conducting  Cr2TiC2,  Cr2ZrC2,  and  Cr2ZrC2(OH)2,  have
been predicted to possess moderate band gaps and high
Neel  temperatures.  Antiferromagnetism  and  switchable
ferromagnetic/antiferromagnetic  states  in  MXenes  have
also  been  predicted  [13, 14].  As  a  consequence,  due  to
the  unmatched  chemical  and  structural  diversity  of
MXenes,  new  physics  is  being  discovered  in  MXenes,
covering  a  variety  of  functional  properties  in  semicon-
ducting,  half-metallic,  semimetallic,  and  metallic  states
[11, 12, 16].

Due to the unique electronic structure of half-metals,
it is expected that the half-metallicity 2D MXene materials
may  emerge  as  a  suitable  alternative  for  the  design  of
efficient  giant  magnetoresistive  (GMR)  devices.  Based
on  the  first-principles  calculations,  an  excellent  GMR

 
Fig. 1  Explored  applications  and  properties  of  MXenes  to  date. (a) The  circle  chart  shows  the  ratio  of  publications  in
different application of MXenes with respect to the total number of publications on MXenes [30]. (b) The bar chart shows
the cumulative number of MXene publications per year.
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device  has  been  designed  by  using  2D  half-metal
Mn2NO2[17].  Mn2NO2 MXene  sandwiched  between  the
Au/nMn2NO2 (n =  1,  2,  3)/Au  heterojunction  is
expected to maintain its half-metallic properties. Due to
the  half-metallic  characteristics  of  Mn2NO2,  the  total
current  of  the  monolayer  device  can  reach  up  to  1500
nA in the ferromagnetic state. At low voltage, the maxi-
mum  GMR  is  observed  to  be  1.15  ×  1031 %.  This
computationally  designed  spintronic  device  exhibits  the
highest  magnetoresistive  ratio  reported  theoretically  so
far  [17].  It  is  concluded  that,  due  to  its  excellent  half-
metallic properties and 2D structure, Mn2NO2 is an ideal
energy-saving  GMR  material.  Of  course,  experimental
realization poses a challenge, but the community is now
aware  of  potentially  attractive  properties  and  a  very
important application for this still-to-be-made MXene. It
means that attempts will be made to make it in the lab.
Meanwhile, it is further found that a significant negative
differential  resistance  (NDR)  effect  is  also  observed  in
the Au/nMn2NO2 (n = 1, 2, 3)/Au heterojunction [17].
Note  that  the  heterojunction  fabrication  generally
requires  the  use  of  molecular  beam  epitaxy  (MBE)  or
chemical  vapor  deposition  (CVD)  technologies  in  order
to precisely control the atomic deposition thickness and
create  a  high-quality  lattice-matched  heterojunction
interface. A recent alternative is the stacking of exfoliated
2D  materials  into  van  der  Waals  heterostructures,  and
moreover, formation of such atomically thin heterostruc-
ture, or combinations with other nanostructures to form
heterojunctions,  can  be  used,  for  instance  to  develop
novel  semiconductor  transistors  and/or  photodetectors
[18, 19].  At this  point,  the field of  semiconductor opto-
electronics  is  dominated  by  heterojunction  devices,  and
probably the dominant effect, when assembling van der
Waals  heterostructures  for  nanoscale  devices,  is  the
charge transfer due to difference in the work function of
the adjacent crystals. In MXenes, the work function can
be finely tuned between 2 and 6 eV by controlling their
surface  chemistry  [3].  Besides,  it  is  very  likely  that  the
van  der  Waals  heterojunction  would  further  result  in
many more exciting phenomena to study and improved
or even fundamentally new devices for applications. On
the other side, since the optical properties are related to
their band structures, MXenes are promising for various
optoelectronic  applications,  especially  in  all-optical
modulators  and  photodetectors,  due  to  metallicity  with
a  chemically  tunable  Fermi  level  or  a  small  band  gap
(less  than  0.2  eV)  and  broadband  saturable  absorption
capability  [20].  Additionally,  the  performance  of  metal-
anchored  2D  materials  originates  from  the  unsaturated
coordination  state  of  the  active  center  and  the  strong
interactions that are stable in physical examination [21].
Meanwhile, optical switches using layered materials have
attracted considerable interest in recent years. Ultrafast
all-optical  switching was demonstrated in graphene due
to its strong optical nonlinear absorption with a switching

time of 260 fs [22]. As a comparative study, by probing
the  dynamics  of  carriers  in  short-time  intervals,  Zhang
et  al.  [23]  recently  designed  nanoengineered  2D  MXene
by anchoring Au nanoparticles with a size of 3–5 nm on
the  surface  to  study  ultrafast  all-optical  switching.
Moreover,  the  determinant  of  the  energy  transfer
between  the  plasmonic  metal  nanoparticles  and  the
Ti3C2Tx MXene  substrate  is  the  generation  of  high-
energy electron-hole pairs excited by local surface plasmon
resonance (LSPR). The LSPR excitation induces ultrafast
transmission  and  broadband  differential  transmission,
which can be employed as a tunable switch integrated in
optical  communication  systems  and  integrated  circuits.
According  to  experimental  transient  absorption  spectra
of  Au/MXene  and  pure  MXene,  the  Au/MXene  couple
exhibits a better performance with an emerging switching
of  290  fs  (FWHM)  in  the  near-infrared  (NIR)  region
with  the  switching  red-shift  of  34  nm,  demonstrating
that the Au/MXene hybrids are promising for application
in optoelectronics [23].

Apart  from  the  all-optical  modulators  and  ultrafast
optical switches, a key device for optoelectronic applica-
tions is a photodetector, for which self-powering, broad-
band detection, and polarization sensitivity are desirable
physical qualities. Currently, only very few photodetectors
can  fulfill  these  requirements  simultaneously.  Xie et  al.
[5] have recently proposed a Ti3C2Tx MXene photodetector
that is driven by the photogalvanic effect with impressive
performances.  A  polarization-sensitive  photocurrent  is
generated at zero bias under the illumination by linearly
polarized  laser  source  of  1064  nm,  with  an  extinction
ratio  of  1.11.  Meanwhile,  a  fast  response  with  a  32/28
ms rise/decay time and a large on/off switching ratio of
120 were achieved. Besides, a robust zero-bias photocurrent
was  also  generated  in  the  photodetector  under  the
940  nm and  620  nm illumination,  as  well  as  the  white
light, showing a broadband photoresponse from the NIR
to visible. Based on quantum transport simulations, it is
inferred that the photogalvanic effect plays an important
role  in  the  generation  of  the  polarized  photocurrent  at
zero bias due to the broken space inversion symmetry of
the stacked few-layer MXene. These results further shed
light  on  potential  applications  of  MXenes  in  optoelec-
tronics, particularly in the high-performance photodetec-
tion.

In recent years, various MXenes and MXene derivatives
with  outstanding  electrical  and  mechanical  properties,
flexibility,  and  high  sensitivity  have  been  introduced
into  the  field  of  flexible  and/or  wearable  sensors  for
potential  applications  in  health  monitoring  [6, 24, 25],
motion detection [6, 24, 25], human-machine interaction
[26],  and  artificial  intelligence  [6, 27].  Particularly,
MXene-based hydrogels have drawn significant attention.
For  example,  inspired  by  biomineralization,  multifunc-
tional  MXene  mineral  hydrogels  have  been  produced
[24].
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As shown in Figs. 2(a) and (b), the prepared MXene
mineral  hydrogels  were  self-healable,  stretchable  and
conductive,  and  could  be  used  to  fabricate  wearable
strain sensors directly attached to human skin. They can
detect tiny and large human motions, exhibiting a super-
wide  sensing  range  with  excellent  sensitivity.  This
method  is  simple  and  cost-effective,  easy  to  transition
into large-scale production and does not require complex
processes  or  additional  packaging,  showing  promise  in
wearable  healthcare  monitoring  equipment,  intelligent
robots and efficient human-machine interfaces.

Furthermore,  there  have  also  been  some  studies  on
MXene-based  textile  electronics  for  detecting  human
pulse,  respiration,  body  movement,  etc.  [28, 29].
However,  imparting  excellent  mechanical  and  electrical
properties  while  maintaining  the  wearing  comfort  has
been a great challenge because most of them need to be
attached  to  the  skin  with  tapes  or  band-aids.  MXene-
based textile electronic devices, being flexible, are partic-
ularly promising for human health and motion monitoring
because of their softness, portability, and air permeability
[29].  As  schematically  shown  in Fig.  2(c),  a  flexible
MXene-based  textile  pressure  sensor  fabricated  by
assembling  MXene  onto  the  scuba  knit  with  a  hollow
structure  exhibits  multiple  sensing  properties,  such  as
high  pressure  sensitivity  (GF = 23.7  kPa–1),  very  good
stability,  and  excellent  waterproof  capability  after  6  h
immersion in water, as shown in Fig. 2(e). Additionally,
a personalized intelligent health monitoring system inte-
grated  with  the  MXene-based  textile  sensors  has  been
developed  to  collect  and  analyze  physiological  signals
from  different  people  at  multiple  time  periods,  demon-
strating a great advance in wearable health monitoring.

The  MXene  research  community  is  continuing  to
make progress,  as  many of  the challenges  listed in  Ref.
[29] are being tackled and several have been resolved in
the  past  three  years.  Notably,  MXenes  with  uniform

surface  terminations  have  been  realized,  scalable  and
fluorine-free  synthesis  methods  developed,  high-entropy
MXenes  with  3  to  5  transition  metals  and  oxycarbide
MXenes have been added to the MXene family [30, 31].
In  addition,  many  new  members  of  the  MXene  family,
abundant  derivatives  of  MXene  materials  and  MXene-
based  van  der  Waals  heterostructures  have  emerged
with  attractive,  often  unique,  properties  and  promising
applications.  Computational  studies  have  predicted
many exciting properties in already synthesized MXenes
and  in  the  ones  that  are  still  being  studied  in  the  lab.
These  predictions  will  certainly  stimulate  synthesis  of
new MXenes and further expansion of this family, which
may  include  more  than  a  thousand  stoichiometric
compounds  and  an  infinite  number  of  solid  solutions.
Future  efforts  should  focus  not  only  on  synthesis  and
characterization of new MXenes but also on design and
fabrication  of  heterostructure  devices  and  developing
MXene  architectures.  Those  efforts  will  add  to  ever-
growing practical applications of MXenes in energy, elec-
tronics,  communications,  environmental  and  healthcare
fields.

 Declaration  of  competing  interest  The  authors  declare  no
competing financial interests.

 Acknowledgements  The work was supported by the National Key
R&D Program of China (Grant No. 2022YFB4703400) and the “5G +
medical and health application pilot project” of the Ministry of Industry
and Information Technology of  China.  Research of  Y.G. on synthesis
and  fundamental  properties  of  MXenes  is  supported  by  the  U.S.
National Science Foundation under grant DMR-2041050.

References 

 M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M.
Heon,  L.  Hultman,  Y.  Gogotsi,  and  M.  W.  Barsoum,

1.

 
Fig. 2  Architecture of the MXene-based mineral hydrogel and textile. (a) Schematic image of the MXene-based mineral
hydrogel  (reproduced  from  Ref.  [24]). (b) The  MXene-based  mineral  hydrogel  made  into  different  shapes. (c) Schematic
diagram for fabrication of the MXene-based textile sensor. (d) Image illustrating the flexibility of the MXene-based textile.
(e) Image illustrating the initial state when the MXene-based textile placed in water and its unchanged shape after immersion
for 6 hours.

FRONTIERS OF PHYSICS VIEW & PERSPECTIVE

13604-4   Guangcun Shan, et al., Front. Phys. 18(1), 13604 (2023)

 

https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306


Two-dimensional  nanocrystals  produced  by  exfoliation
of Ti3AlC2, Adv. Mater. 23(37), 4248 (2011)
 M. Anayee, N. Kurra, M. Alhabeb, M. Seredych, M. N.
Hedhili, A. Emwas, H. N. Alshareef, B. Anasori, and Y.
Gogotsi,  Role  of  acid  mixtures  etching  on  the  surface
chemistry  and  sodium  ion  storage  in  Ti3C2Tx MXene,
Chem. Commun. (Camb.) 56(45), 6090 (2020)

2.

 A.  VahidMohammadi,  J.  Rosen,  and  Y.  Gogotsi,  The
world  of  two-dimensional  carbides  and  nitrides
(MXenes), Science 372, eabf1581 (2021)

3.

 J. Zhang, Z. Cui, J. Liu, C. Li, H. Tan, G. Shan, and R.
Ma, Bifunctional oxygen electrocatalysts for rechargeable
zinc–air  battery  based  on  MXene  and  beyond, Front.
Phys. 18(1), 13603 (2023)

4.

 B. Liu, L. Qian, Y. Zhao, Y. Zhang, F. Liu, Y. Zhang,
Y.  Xie,  and  W.  Shi,  A  polarization-sensitive,  self-
powered,  broadband and fast Ti3C2Tx MXene photode-
tector from visible to near-infrared driven by photogalvanic
effects, Front. Phys. 17(5), 53501 (2022)

5.

 R. Qin, G. Shan, M. Hu, and W. Huang, Two-dimensional
transition metal carbides and/or nitrides (MXenes) and
their  applications  in  sensors, Mater.  Today  Phys. 21,
100527 (2021)

6.

 H.  Kim  and  H.  N.  Alshareef,  MXetronics:  MXene-
enabled  electronic  and  photonic  devices, ACS  Mater.
Lett. 2, 55 (2020)

7.

 M. Hu, N. Zhang, G. Shan, J. Gao, J. Liu, and R. K. Y.
Li,  Two-dimensional  materials:  Emerging  toolkit  for
construction  of  ultrathin  high-efficiency  microwave
shield and absorber, Front. Phys. 13(4), 138113 (2018)

8.

 Q. Liao, H. Liu, Z. Chen, Y. Zhang, R. Xiong, Z. Cui, C.
Wen, and B. Sa, Flexible and ultrathin dopamine modified
MXene  and  cellulose  nanofiber  composite  films  with
alternating multilayer structure for superior electromag-
netic  interference  shielding  performance, Front.  Phys.
18(3), 33300 (2023)

9.

 K.  S.  Novoselov,  D.  Andreeva,  W.  Ren,  and  G.  Shan,
Graphene  and  other  two-dimensional  materials, Front.
Phys. 14(1), 13301 (2019)

10.

 G. Gao, G. Ding, J. Li, K. Yao, M. Wu, and M. Qian,
Monolayer  MXenes:  Promising  half-metals  and  spin
gapless semiconductors, Nanoscale 8(16), 8986 (2016)

11.

 N. Frey, A. Bandyopadhyay, H. Kumar, B. Anasori, Y.
Gogotsi,  and  V.  Shenoy,  Surface  engineered  MXenes:
Electric  field  control  of  magnetism  and  enhanced
magnetic anisotropy, ACS Nano 13(3), 2831 (2019)

12.

 M.  Zhao,  J.  Chen,  S.  S.  Wang,  M.  An,  and  S.  Dong,
Multiferroic  properties  of  oxygen-functionalized
magnetic i-MXene, Phys.  Rev.  Mater. 5(9),  094408
(2021)

13.

 K. Hantanasirisakul, B. Anasori, S. Nemsak, J. L. Hart,
J.  Wu,  Y.  Yang,  R.  V.  Chopdekar,  P.  Shafer,  A.  F.
May, E. J. Moon, J. Zhou, Q. Zhang, M. L. Taheri, S. J.
May,  and  Y.  Gogotsi,  Evidence  of  magnetic  transition
in atomically thin Cr2TiC2Tx MXene, Nanoscale Horiz.
5(12), 1557 (2020)

14.

 Y. Zhang, Z. Cui, B. Sa, N. Miao, J. Zhou, and Z. Sun,
Computational  design  of  double  transition  metal
MXenes  with  intrinsic  magnetic  properties, Nanoscale
Horiz. 7(3), 276 (2022)

15.

 V. Kamysbayev, A. S. Filatov, H. Hu, X. Rui, F. Lagu-
nas, D. Wang, R. F. Klie, and D. V. Talapin, Covalent
surface  modifications  and  superconductivity  of  two-
dimensional  metal  carbide  MXenes, Science 369(6506),
979 (2020)

16.

 X. Zhang, P. Gong, F. Liu, K. Yao, J. Wu, and S. Zhu,
High  efficiency  giant  magnetoresistive  device  based  on
two-dimensional MXene (Mn2NO2), Front. Phys. 17(5),
53510 (2022)

17.

 K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H.
Castro  Neto,  2D  materials  and  van  der  Waals
heterostructures, Science 353(6298), aac9439 (2016)

18.

 Z. Yan, Z. H. Jiang, J. P. Lu, and Z. H. Ni, Interfacial
charge  transfer  in  WS2 monolayer/CsPbBr3 microplate
heterostructure, Front. Phys. 13(4), 138115 (2018)

19.

 J.  K.  El-Demellawi,  S.  Lopatin,  J.  Yin,  O.  F.
Mohammed,  and  H.  N.  Alshareef,  Tunable  multipolar
surface  plasmons  in  2D  Ti3C2Tx MXene  flakes, ACS
Nano 12(8), 8485 (2018)

20.

 G. Kyriakou, M. B. Boucher, A. D. Jewell, E. A. Lewis,
T. J. Lawton, A. E. Baber, H. L. Tierney, M. Flyzani-
Stephanopoulos,  and  E.  C.  H.  Sykes,  Isolated  metal
atom geometries as a strategy for selective heterogeneous
hydrogenations, Science 335(6073), 1209 (2012)

21.

 M.  Ono,  M.  Hata,  M.  Tsunekawa,  K.  Nozaki,  H.
Sumikura,  H.  Chiba,  and  M.  Notomi,  Ultrafast  and
energy-efficient  all-optical  switching  with  graphene-
loaded deep-subwavelength plasmonic  waveguides, Nat.
Photonics 14(1), 37 (2020)

22.

 Y. Zhang, F. Zhang, B. Du, H. Chen, S. Wageh, O. A.
Al-Hartomy, A. G. Al-Sehemi, B. Zhang, and H. Zhang,
Au/MXene based ultrafast  all-optical  switching, Front.
Phys. 18(3), 33301 (2023)

23.

 X.  Li,  G.  Shan,  R.  Ma,  C.  H.  Shek,  H.  Zhao,  and  S.
Ramakrishna, Bioinspired mineral MXene hydrogels for
tensile strain sensing and radionuclide adsorption appli-
cations, Front. Phys. 17(6), 63501 (2022)

24.

 R. Qin, M. Hu, X. Li, L. Yan, C. Wu, J. Liu, H. Gao, G.
Shan,  and  W.  Huang,  A  highly  sensitive  piezoresistive
sensor  based  on  MXene  and  polyvinyl  butyral  with  a
wide  detection  limit  and  low  power  consumption,
Nanoscale 12(34), 17715 (2020)

25.

 L. Zhang, J. He, Y. Liao, X. Zeng, N. Qiu, Y. Liang, P.
Xiao,  and  T.  Chen,  A  self-protective,  reproducible
textile  sensor  with  high  performance  towards
human–machine interactions, J. Mater. Chem. A 7(46),
26631 (2019)

26.

 Z. Zhu, D. W. H. Ng, H. S. Park, and M. C. McAlpine,
3D-printed  multifunctional  materials  enabled  by  artifi-
cial-intelligence-assisted  fabrication  technologies, Nat.
Rev. Mater. 6(1), 27 (2020)

27.

 R. Qin, G. C. Shan, X. Li, J. C. Li, and S. Ramakrishna,
MXene-based  flexible  and  wearable  electronics  for
personal  healthcare  monitoring,  in:  International
Conference  on  Frontier  Materials  2022  (2022),  doi:
icfm.2022.5.29/14.10.D03

28.

 Y.  Gogotsi  and  Q.  Huang,  MXenes:  Two-dimensional
building  blocks  for  future  materials  and  devices, ACS
Nano 15(4), 5775 (2021)

29.

 B.  Anasori  and  Y.  Gogotsi,  MXenes:  Trends,  growth,
and  future  directions, Graphene  and  2D  Mater. 7,  75
(2022)

30.

 P. P. Michałowski, M. Anayee, T. S. Mathis, S. Kozdra,
A.  Wójcik,  K.  Hantanasirisakul,  I.  Jóźwik,  A.
Piatkowska,  M.  Możdżonek,  A.  Malinowska,  R.
Diduszko,  E.  Wierzbicka,  and  Y.  Gogotsi,  Oxycarbide
MXenes  and  MAX  phases  identification  using
monoatomic  layer-by-layer  analysis  with  ultralow-
energy  secondary-ion  mass  spectrometry, Nat.
Nanotechnol. 17(11), 1192 (2022)

31.

VIEW & PERSPECTIVE FRONTIERS OF PHYSICS

Guangcun Shan, et al., Front. Phys. 18(1), 13604 (2023)   13604-5

 

https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1039/D0CC01042A
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1208-8
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1007/s11467-022-1156-3
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1016/j.mtphys.2021.100527
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1021/acsmaterialslett.9b00419
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-018-0809-8
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-022-1234-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1007/s11467-018-0835-6
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1039/C6NR01333C
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1021/acsnano.8b09201
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1103/PhysRevMaterials.5.094408
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D0NH00343C
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1039/D1NH00621E
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1126/science.aba8311
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-022-1184-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1007/s11467-018-0785-z
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1021/acsnano.8b04029
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1126/science.1215864
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1248-0
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1007/s11467-022-1181-2
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/D0NR02012E
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1039/C9TA10744D
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1038/s41578-020-00235-2
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1021/acsnano.1c03161
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1007/s41127-022-00053-z
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0

	Declaration of competing interest
	Acknowledgements
	References

