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Abstract: Due  to  the  quantum  size  effect  and  other  unique  photoelectric  properties,  quantum  dots  (QDs)  have  attracted  tre-
mendous interest in nanoscience,  leading a lot of  milestone works.  Meantime, the scope and scientific  connotation of QDs are
constantly expanding, which demonstrated amazing development vitality. Besides the well-developed Cd-containing II–VI semi-
conductors,  QDs  of  environmentally  friendly  I–III–VI  (I  =  Cu,  Ag;  III  =  Ga,  In;  VI  =  S,  Se)  chalcogenides  have  been  a  hot  spot  in
the QDs family, which are different from traditional II–VI QDs in terms of multi-composition, complex defect structure, synthet-
ic  chemistry  and  optical  properties,  bringing  a  series  of  new  laws,  new  phenomena  and  new  challenges.  The  composition  of
I–III–VI  chalcogenides  and  their  solid  solutions  can  be  adjusted  within  a  very  large  range  while  the  anion  framework  remains
stable,  giving  them  excellent  capability  of  photoelectric  property  manipulation.  The  important  features  of  I–III–VI  QDs  include
wide-range bandgap tuning, large Stokes shift and long photoluminescence (PL) lifetime, which are crucial for biological, opto-
electronic and energy applications. This is due to the coexistence of two or more metal cations leading to a large number of in-
trinsic defects within the crystal lattice also known as deep-donor-acceptor states, besides the commonly observed surface de-
fects in all QDs. However, a profound understanding of their structure and optoelectronic properties remains a huge challenge
with  many  key  issues  unclear.  On  one  hand,  the  achievements  and  experience  of  traditional  QD  research  are  expected  to
provide  vital  value  for  further  development  of  I–III–VI  QDs.  On  the  other  hand,  the  understanding  of  the  emerging  new  QDs,
such as carbon and other 2D materials, are even more challenging because of the dramatically different composition and struc-
ture from II–VI semiconductors.  For this,  I–III–VI QDs, as a close relative to II–VI QDs but with much more complex composition
and structure variation,  provide a  great  opportunity  as  a  gradual  bridge to make up the big gap between traditional  QDs and
emerging new QDs, such as carbon dots. Here, we hope to compare the research progress of I–III–VI QDs and II–VI QDs, in an ef-
fort to comprehensively understand their structure, synthetic chemistry, optical electronic and photocatalytic properties. We fur-
ther give insights on the key potential issues of I–III–VI QDs from the perspective of bridging between traditional QDs and emer-
ging  carbon  dots,  especially  the  profound  principles  behind  synthetic  chemistry,  PL  mechanism  and  optoelectronic  applica-
tions.

Key words: I–III–VI; II–VI; quantum dots; carbon dots; optical properties; photocatalysis

Citation: Y H Liu,  F H Li,  H Huang, B D Mao,  Y Liu,  and Z H Kang,  Optoelectronic and photocatalytic properties of  I–III–VI  QDs:
Bridging  between  traditional  and  emerging  new  QDs[J]. J.  Semicond.,  2020,  41(9),  091701. http://doi.org/10.1088/1674-
4926/41/9/091701

 

1.  Introduction

Colloidal  quantum  dots  (QDs)  refer  to  the  uniform  small
semiconductor particles, in which the charge carrier transporta-
tion  is  confined  by  three  dimensions[1].  As  a  result,  of  the
small  size,  the continuous energy band becomes discrete en-
ergy levels together with series of unique photoelectric proper-
ties,  known  as  the  quantum  confinement  effect.  QDs  have
played a central role in the development of nanoscience with
several  related  milestone  works,  such  as  the  discovery  of
quantum  size  effect[2−4],  size  controllable  synthesis[5, 6],  bio-
logy[7−9] and device applications[10, 11].  Nearly 40 years later,  it

continues  research  to  be  a  hot  topic  in  nanoscience,  while
the  connotation  of  the  QDs  family  is  constantly  expanding,
showing  amazing  development  vitality.  Traditionally,  QDs
field mainly focused on II–VI and IV–VI semiconductors contain-
ing  heavy  metals.  Now,  environmentally  friendly  I–III–VI  (I  =
Cu,  Ag;  III  =  Ga,  In;  VI  =  S,  Se)  QDs  have  attracted  more  and
more attention as an important subset of the QD family[12, 13].
In  a  certain  sense,  I–III–VI  QDs can be  considered as  a  substi-
tute structure by replacing the +2 cations (such as Cd) in II–VI
chalcogenides with +1 and +3 cations. However, they are dif-
ferent in several  aspects from traditional II–VI QDs due to the
complex  nature  of  nonstoichiometric  composition  and  crys-
tal structure, which brings a series of new laws, new phenom-
ena  and  new  challenges  to  the  fulfillment  of  the  whole  QDs
field,  especially  on  synthetic  chemistry  and  photolumines-
cence (PL) properties. More importantly, QDs play an irreplace-
able  role  as  the structural  and catalytic  model  systems in  un-
derstanding and demonstrating the unique laws on the nano-
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scale  between  lay  atomic  and  bulk  materials.  As  Prof.  Feyn-
man  pointed  out  half  a  century  ago,  ‘there  is  plenty  of  room
at the bottom’,  which was first  demonstrated with II–VI  semi-
conductor  system.  Now,  when  it  is  expanded  to  more  and
more  emerging  new  materials,  such  as  carbon  and  other  2D
materials,  the  large  gap  on  composition  and  structure  im-
poses  series  of  great  challenges  on  the  synthetic  manipula-
tion,  optical  properties  and  mechanism  understanding.  From
this  aspect,  I–III–VI  QDs,  as  a  close  relative  to  II–VI  QDs  but
with  much  more  complex  composition  and  structure  vari-
ation,  provides  a  great  opportunity  as  a  gradual  bridge  to
make up the big  gap between traditional  QDs and emerging
new QDs, such as carbon dots.

I–III–VI chalcogenides and their solid solutions have the ad-
vantages  of  low  toxicity  and  continuously  adjustable  band
gap covering the UV–vis to near infrared region which has at-
tracted  huge  amount  of  attention  as  promising  alternatives
to  the  traditional  cadmium-  or  lead-containing  QDs[14, 15].
These I–III–VI  chalcogenides are usually direct  bandgap semi-
conductors  with  strong  light  absorption[16, 17].  Early  research
of  I–III–VI  compounds  were  focusing  on  thin  films[18, 19] and
nanoparticles[20] for solar cell applications[21]. Recently, the ex-
cellent  optical  properties  have  made  these  non-toxic  I–III–VI
QDs  useful  in  bioimaging,  light-emitting  diodes  (LEDs),  and
photocatalysis etc. The composition of these multinary chalco-
genides  can  be  adjusted  in  a  very  large  range  while  the  an-
ion skeleton remains stable, which brings excellent control abil-
ity of the optical and electrical properties[22]. The important fea-
tures  include  widely  adjustable  bandgap  and  long  PL  life-
time that are the key to related applications in devices and bio-
logical  systems.  However,  this  also  brings  the  difficulties  on
the synthesis of uniform particles with well-controlled composi-
tion  and  size.  Moreover,  the  coexistence  of  two  or  more
cations  bring  abundant  inner  defects,  together  with  the  sur-
face defects,  resulting in high-density trap states and signific-
antly different optoelectronic properties from II–VI QDs and im-
posing new challenges on related applications.

QDs  have  played  a  key  role  in  many  fields  such  as  bio-
logy,  devices  and  catalysis.  Among  these  application,  pho-
tocatalysis,  as  potentially  the  key  solution  to  both  environ-
mental  and  energy  problems,  has  been  the  most  prominent
and widely studied field not only for traditional QDs, but also
for  I–III–VI  QDs  and  carbon  dots[23].  As  a  class  of  widely  used
semiconductor materials, I–III–VI QDs are more like a close rel-
ative  of  the  traditional  II–VI  QDs  and  are  naturally  similar  in
terms  of  roots  and  research  methods[24].  In  the  development
process,  it  also  obtained  a  lot  of  experience  from  II–VI  QDs.
For the recently emerged QDs, such as carbon dots, there is a
great gap in structure and properties and subsequently more
research  challenges  from  that  of  II–VI  QDs.  Considering  this,
I–III–VI  QDs  provide  an  important  gradient  bridge  for  these
emerging new QDs, to better understand their new photoelec-
tric  properties,  challenges  and  development  process.  As  we
summarized earlier, it lacks transition and bridge from the tra-
ditional  inorganic  II–VI  semiconductors  to  the  complicated
pseudo-organic/biological  carbon  dots  system,  which  im-
poses  great  challenges  on  comparison  and  correlation  of
their structure, optoelectrical properties and applications. Relat-
ively speaking, there are many reviews of traditional QDs and
emerging  carbon  dots,  but  fewer  reviews  of  I–III–VI  QDs.

More  importantly,  there  is  no  review  article  has  summarized
this  field  in  the  perspective  of  bridging  between  traditional
QDs and emerging new carbon dots. So, here we try to give a
brief review of I–III–VI QDs focusing on the discussion of their
photoelectric and photocatalytic properties in systematic com-
parison  with  traditional  QDs,  and  also  give  a  short  perspect-
ive of their  key bridging role in the whole QDs family (Fig.  1).
More  efforts  were  contributed  to  resulted  from  challenges
and  issues  the  multinary  composition  in  I–III–VI  QDs,  such  as
the  complicated  structural  characteristics,  balancing  reactiv-
ity  during synthetic  process,  optical  properties  dominated by
abundant  defect  states,  the  crucial  role  of  the  long-lived
charge  carriers,  and  engineering  of  the  bandgap  and  trap
states in photocatalysis.

2.  Structure

I–III–VI chalcogenides constitute a large class of semicon-
ductor  materials,  whose  band  gap  can  be  tuned  not  only  by
size and shape, but also by continuous composition manipula-
tion[15, 25]. The classic composition of bulk I–III–VI semiconduct-
ors  is  I–III–VI2,  but  there  are  also  some  I–III5–VI8 compounds.
Most importantly, their composition can be continuously adjus-
ted  in  a  large  range  without  affecting  the  stability  of  the  an-
ion framework[14]. Conceptually, the ternary I–III–VI chalcogen-
ides  can  be  made  from  II–VI  materials  by  replacing  two
divalent  Cd2+ with  one  monovalent  (such  as  Cu+)  and  one
trivalent  (such as  In3+)  cation[26].  Crystal  structure  of  the  tern-
ary I−III−VI QDs includes chalcopyrite, zinc blend, and hexagon-
al  wurtzite  phases[26].  However,  the  zinc  blend  and  wurtzite
phases usually can only be observed at high temperatures. In
the  chalcopyrite  structure,  the  M+

2M3+
2 tetrahedron  usually

centered  on  the  chalcogenide  atoms[27].  Due  to  the  coexist-
ence of multi cations with different radius and deviation from
the stoichiometry, I−III−VI QDs tend to form lots of internal de-
fects,  which  act  as  deep  donor-acceptor-pair  (DAP)  trap
states  for  charge  carriers  and  thus  form  the  characteristic  PL
from  DAP  recombination[28].  This  is  the  biggest  difference
between I–III–VI and traditional II–VI QDs that mainly contain-
ing  surface  defects.  As  an  example,  the  defect  sites  in  chal-
copyrite  CuInS2 QDs  include  sulfur  vacancies  (VS),  copper  va-
cancies (VCu) and indium on copper sites (InCu), where the Cu-
related  defects  are  more  easy  to  produce  due  to  the  relat-
ively weaker Cu–S bonds than In–S[29].

The energy band structure of the multinary I−III−VI chalco-

 

Structure                Synthesis                   O
p

tical properties                        P
hoto

cata
ly

si
s 

   
   

   
   

   
   

  C
o

m
p

o
si

tio

n    
     

      
             

Fig.  1.  (Color  online)  Schematic  illustration  for  the  bridging  role  of
I–III–VI QDs between traditional II–VI QDs and emerging new carbon
dots.
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genide  compounds  can  be  adjusted  by  the  alloy  composi-
tion, thereby affecting the light absorption and reducing cap-
ability[28].  Through  theoretical  calculation  and  analysis  of  en-
ergy  band  structure,  it  was  found  that  Cu  3d  and  Ag  4d  or-
bits,  as part  of  the valence band (VB) composition,  play a key
role  in  increasing  the  VB  level[30, 31].  The  introduction  of  Zn
4s4p orbital improves the conduction band (CB) level and im-
proves  the  reducing  capability[32].  A  large  number  of  studies
on  I–III–VI  QDs  have  shown  adjusted  band  gap  along  with
CB/VB positions to optimize the photocatalytic activity[14]. It is
worth  noting  that  in  the  current  research,  the  quaternary  al-
loy QDs of traditional cadmium chalcogenides have not been
well  developed.  In  contrast,  QDs  of  I–III–VI-derived  quatern-
ary  alloys  have  attracted  great  interest  due  to  their  prom-
ising properties  as  non-toxic  substitutes  for  cadmium chalco-
genides  in  various  applications.  Two  kinds  of  quaternary  al-
loys are derived from I–III–VI QDs, including the self-alloy with-
in  I–III–VI  semiconductors  (such  as  CuInxGa1–xSe2S8 and
CuInxGa1–x(S1–ySey))[33, 34] and  the  alloy  of  I–III–VI  semicon-
ductor  with  zinc  or  cadmium  chalcogenides  (such  as  Cu–In–
Zn–S[35] and Ag–In–Zn–S[36]), whose composition can all be ma-
nipulated flexibly.

3.  Synthesis

The preparation method and growth mechanism of tern-
ary and multinary I–III–VI  QDs are similar  to traditional  binary
II–VI  QDs,  since the basic  synthetic  principles are similar.  Cur-
rently,  the  hot  injection  method  is  still  the  main  synthesis
strategy of the complex I–III–VI QDs containing three or more
elements.  The  metal  precursors  and  chalcogen  precursors
can be formed in the same way capped with corresponding lig-
ands. The main synthesis challenge of I–III–VI QDs is the react-
ivity  balancing of  multiple  metal  cations with strong capping
ligands,  which  is  a  prerequisite  for  the  formation  of  particles
with  uniform  composition,  phase  and  controllable  structure
(Fig. 2)[37]. An example of the hot injection method of ZnxCuy-
InS1.5+x+0.5y QDs  is  the  reaction  of  metal  acetate  and  sulfur  in
octadecene with oleic  acid  and dodecanethiol  as  capping re-
agents[38]. Strong coordination ligands are usually used to con-
trol  the relative reactivity  of  different metal  cations to ensure
the growth of pure phase alloyed QDs[39].  It  has also been re-
ported  that  capping  reagents,  such  as  dodecane  thiol,  play  a
key  role  in  forming  pure  phase  QDs  (CuInS2)  instead  of  com-
posite  QDs  (Cu2S  and  In2S3)[34].  Insufficient  capping  of  metal
precursors  may lead to the preparation of  phase or  composi-
tion separation, and uniform QDs cannot be obtained. Cation

or  anion  exchange  is  also  used  for  I–III–VI  QDs  (Fig.  2),  such
as the preparation of uniform CuInS2 QDs or Cu2S/CuInS2 het-
erojunctions  starting  from  Cu2S  QDs[40, 41].  The  conversion  of
the  Cu2S–CuInS2 composite  to  phase-pure  CuInS2 QDs  was
also observed at  an elevated temperature  of  250 °C[42].  As  an
important  member  of  I–III–VI  QDs,  AgInS2 is  usually  reported
as  an  analogue  of  CuInS2 in  the  early  studies.  In  2007,
ZnS–AgInS2 was  the  first  reported  solid  solution  QDs  with  PL
systematically  adjusted  by  the  amount  of  ZnS,  which  started
to attract lots of attention to alloyed or solid solution QDs[43].
Recently,  much  work  has  also  focused  on  the  synthesis  of
AgInS2 and  AgInS2–ZnS  alloy  QDs.  AgInS2 is  slightly  different
because of the relatively high reactivity of Ag+ with S, which re-
quires strong protection of the precursors as well as low tem-
peratures  to  ensure  the  controllable  particle  nucleation  and
growth[44].

Aqueous  synthesis  methods  are  receiving  more  and
more attention because of the promising biological and cata-
lytic applications of I–III–VI QDs. With mercaptoacetic acid, mer-
captopropionic  acid  and  other  thiol-containing  amines/alco-
hols as ligands, different types of I–III–VI QDs can be synthes-
ized[45−47].  In  addition,  the  microwave-  and  ultrasonic-as-
sisted  methods  can  further  optimize  the  aqueous  phase  syn-
thesis  method  that  decompose  reactants  under  high-fre-
quency  electromagnetic  radiation  and  high  temperature[48].
However,  the  QDs  synthesized  by  the  aqueous  method  usu-
ally have lower PL efficiency, larger size distribution, and sub-
sequently  PL  tailing[49].  In  addition,  the  simple  thiol  ligands
have poor stability and tend to fall off the QDs surface, result-
ing  in  QDs  aggregation  and  PL  decrease.  Of  course,  with
more  and  more  reliable  methods  developed  to  improve  the
quality of aqueous QDs, the green synthesis method using wa-
ter as the solvent is still a very promising route[50−52]. Scale-up
preparation of the I–III–VI QDs up to 4 L was also reported us-
ing a low-cost electric cooker[53]. To further improve the applic-
ation  potential,  size-selective  separation  may  be  a  key  to  im-
proving the quality of multinary QDs in aqueous phase[54].

Semiconductor  heterojunctions  are  critical  in  the
bandgap engineering and wave function engineering of QDs.
In the binary II–VI  QD system, surface passivation by growing
a  larger  band  gap  semiconductor  shell,  are  used  to  decrease
surface defects  and improve PL quantum yield (QY)[55].  In  the
I–III–VI  core/shell  QDs,  the  weight  of  the  long-lived  compon-
ent increases with extended lifetime, while the fast decay com-
ponent decreases[56]. By comparing CdS and ZnS as shell mater-
ials, it was found that CdS has a better passivation effect with
a  higher  QY  and  an  almost  single  exponential  decay,  while
the  ZnS  passivation  still  shows  double  exponential  decay[57].
Due  to  its  low  toxicity,  ZnS  is  still  a  commonly  used  coating
shell  material  for  improving  the  optical  properties  of  QDs.
However, it worth to mention that cation exchange is also of-
ten  reported  in  the  preparation  of  CuInS2/ZnS  or  AgInS2/ZnS
core/shell QDs with blue-shifted PL, which is caused by zinc al-
loying or doping[58]. During the preparation of core-shell struc-
ture, cation exchange or diffusion often compete with forma-
tion of  the  ZnS or  CdS shell.  The  low contrast  of  high-resolu-
tion  transmission  electron  microscopy  (HRTEM)  between
CuInS2 and  ZnS  makes  it  difficult  to  distinguish  the  atomic
structure of the interface[59]. These challenges have brought a
lot of difficulties to the synthesis of QDs with specific composi-
tion, structure and size, but further in-depth research has also
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Fig. 2. (Color online) Schematic synthetic processes of I–III–VI QDs. Re-
printed from Ref. [14].
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brought  fruitful  novel  results  on the regulation of  photoelec-
tric  properties.  For  example,  a  series  of  AgInS2–ZnS  alloyed
QDs were prepared with a programmed-temperature-increas-
ing  method  (Fig.  3)[60].  The  diffusion  of  wide-bandgap  ZnS  in
AgInS2–ZnS  and  the  selective  cation  exchange  of  Zn  for  Ag
were observed at increased temperatures. Spectroscopic stud-
ies  show  significantly  improved  PL  QYs  and  ultra-long  life-
time during alloying, and a new mechanism of structural evolu-
tion  due  to  selective  cation  exchange  was  proposed.  By  sys-
tematically  regulating  the  photoelectric  properties  of  related
doping  and  solid  solution  QDs,  strategies  such  as  selective
cation  exchange  and  controlled  cation  diffusion  have  resul-
ted in the nearly ten times increase of the PL lifetime[60].

The  declaration  of  particle  growth  mechanism  played  a
crucial  on the delicate control  of  QDs as  well  as  the develop-
ment of nanoscience and nanotechnology. In general,  the re-
lated  work  of  I–III–VI  QDs  preparation  still  cannot  summarize
out  a  clear  nucleation and growth mechanism,  especially  the
different  aspects  from  that  of  II–VI  QDs.  It  should  be  noted
that  although  there  have  been  a  lot  of  reports  on  related  re-
search,  the  adjustment  of  the  size  distribution,  surface  struc-
ture and optical properties of I–III–VI QDs are still not compar-
able to that of II–VI QDs, and in-depth mechanism research is
still lacking. This has brought a lot of challenges for the regula-
tion of optoelectronic properties. Without compromising qual-
ity, mass production of ternary QDs remains a challenge, so op-
timized reactions that exceed laboratory scale is an urgent re-
quirement.  In  order  to  achieve  this  goal,  an  in-depth  under-
standing of chemical synthesis mechanism is necessary. From
a basic scientific point of view, the precise structure and com-
position  control  is  still  challenging,  which  subsequently  lim-
its  the manipulation and understanding of  its  optical  proper-
ties. Comprehensive single-dot characterizations and spectro-
scopic  measurements  might  be the key  to  clarify  the  correla-
tion  of  optical  performance  and  other  physical  parameters
with structure. In addition, the synthesis and growth control re-
search is carried out focusing on the ground state QDs, while
the  excited  state  mechanisms  of  these  I–III–VI  QDs  are  of
great  significance,  especially  their  size,  composition  and  sur-
face/interface  effects  that  are  more  critical  in  the  design  and
preparation of photoelectric materials and clean energy applic-
ations (such as photovoltaics and photocatalysis).

4.  Optical properties

4.1.  Basic optical properties

There  is  no  doubt  that  the  I–III–VI  QDs  show  the  widest

tunable  optical  properties  due  to  changes  in  both  size  and
composition. These materials also show special features, includ-
ing longer excited state lifetimes, wider full width at half max-
imum  (fwhm),  larger  Stokes  shift,  high  quantum  efficiency,
along  with  simple  and  economical  synthesis[39, 54, 56, 61−63].
Omata et  al.  calculated  the  size-dependent  optical  band
gaps  of  I–III–VI  chalcopyrite  QDs  with  various  compositions
(Fig.  4(a)).  The  structure  can  be  considered  as  metal  cations
embedded  in  the  S/Se  scaffold,  similar  to  the  structure  of
Cu2–xS.  The  results  agree  well  with  the  experimental  values
(Fig. 4(b)) and show that I–III–VI QDs can cover almost the en-
tire  spectral  range  from  UV  to  near-infrared  (NIR)  by  adjust-
ing  their  composition  and  size.  This  shows  the  great  poten-
tial  of  I–III–VI  semiconductors  as  non-toxic  QDs  without
heavy metals[25].

4.2.  Mechanisms and defect states

The  I–III–VI  materials  have  photoelectric  properties  that
are  significantly  different  from  traditional  II–VI  QDs,  where
the  clarification  of  the  excited  state  photophysical  properties
is  crucial.  The  most  important  feature  of  I–III–VI  QDs  is  their
deep  donor–acceptor  pairs  (DAPs, Fig.  5),  which  results  in
wide PL peaks  and relatively  large Stokes  shifts.  DAPs consist
of different types of defects such as vacancies (VCu and VS), in-
terstitial atoms (Cui) and substituting (CuIn), which are abund-
ant  in  these  ternary  semiconductors  due  to  the  coexistence
of multiple cations in the crystal lattice[64]. The deep donor–ac-
ceptor  state  has  advantages  such  as  long  PL  lifetimes,  along
with the low toxicity of these materials is crucial for related ap-
plications.  Mao et  al.  used  femtosecond  transient  absorption
spectroscopy  to  identify  the  ultra-long  lifetime  of  their  ex-
cited states in ternary AgInS2 QDs, which are of great signific-
ance for  photoelectric  conversion applications.  They also sys-
tematically  studied  the  PL  lifetime  of  QDs  of  different  sizes
(1.9–3.1  nm)  in  the  full  spectral  range,  which  clarified  the
source of its long-lived excited states and the different contri-
bution  of  surface  defects  and  internal  defects  (e.g.  DAPs).
They  found  that  high-energy  surface  trap  states  are  short-
lived,  and  low-energy  intrinsic  trap  states  (e.g.  DAPs)  are
long-lived.  The  ratio  of  surface  trap  states  decreases  with  in-
creasing particle size[65].

For chalcopyrite CuInS2 QDs, the main contributions of op-
tical  transitions  are  assigned  to  the  electrons  at  VS and  InCu,
and  holes  at  VCu

[68].  Since  the  relatively  weaker  Cu–S  bonds
than  In–S,  Cu  defects  are  more  prone  to  the  inversion  de-
fects[29]. The early PL studies show that the peak energy of dif-
ferent  spectral  components  shifts  to  lower  energy  as  the
delay time increases[69, 70], a characteristic of DAP-related emis-
sion.  In  recent  years,  researches  on  the  transient  absorption
spectroscopy,  excitation  power  dependence,  and  time-re-
solved  PL  of  CuInS2 QDs  have  gradually  developed  toward
the  direction  of  "free-constraint"  mechanism.  The  electrons
are  delocalized  in  CB,  and  the  holes  are  located  on  Cu+ or
point  defects  that  are  generally  considered  to  be  VCu.  For
band  gap  engineering[71],  thanks  to  the  strong  foundation  of
the  traditional  I–III–VI  semiconductor  industry,  basic  physical
parameters such as CB, VB, bulk band gap, mobility, n-/p-dop-
ing  and  other  information  are  relatively  clear.  However,  due
to the influence of the points and the size together, the mech-
anism research of QDs and the control of photoelectric proper-
ties  are  still  far  behind  those  of  II–VI  group  QDs.  For  some
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core/shell  structured  CuInS2/ZnS  with  strong  PL  at  short
wavelengths,  it  is  difficult  to  tell  whether  the  spectral  blue
shift  is  the quantum size effect or caused by the introduction
of wide-bandgap ZnS in alloy formation.  With the increase of
the  ratio  of  zinc  to  copper,  the  absorbance  and  PL  have  a
clear  blue  shift[72].  In  optical  studies,  the  band  gap  or
ELUMO–EHOMO are often reported, but without the absolute posi-
tion information of these levels. However, this information is ess-
ential for designing an efficient energy conversion system, in-
cluding  photovoltaics  and  photocatalysis.  X-ray  photoelec-
tron spectroscopy (XPS) an be used to determine the VB posi-
tion (or molecular HOMO orbital), while ultraviolet photoelec-
tron  spectroscopy  (UPS)  c  for  the  CB  position  (or  molecular
LUMO  orbital).  Electrochemical  method  is  another  conveni-
ent approach for  measuring redox potentials,  which provides
supplementary  information  beyond  spectroscopic  measure-
ments,  especially  the  surface  states  that  affect  the  electron
transportation  on  the  electrode.  However,  careful  considera-
tions are still required regarding the electrochemical measure-
ment of I–III–VI QDs.

5.  Photocatalytic applications

5.1.  General considerations

Band  gap  of  I–III–VI  QDs  can  be  adjusted  within  a  very
wide range due to their composition manipulation capability,
which  represent  the  most  promising  visible-light-active  pho-
tocatalysts for hydrogen production due to their excellent op-
toelectrical  properties.  Bulk  I–III–VI  sulfides  were  actually  the
first  reported  visible  light  photocatalysts  with  adjustable
band  gap  used  for  photocatalytic  water  splitting[25, 73].  The
early work of I–III–VI sulfide photocatalysts mainly focused on
the  effect  of  composition  adjustment  on  photocatalytic  per-

formance, such as (AgIn)xZn2(1–x)S2, (CuIn)(x)Zn2(1–x) S2 and oth-
er  solid  solution  materials.  In  5s5p  and  Cu  3d/Ag  4d  orbitals
in  I–III–VI  sulfides  can  participate  in  the  formation  of  CB  and
VB,  respectively,  giving  continuously  adjustable  band  gap
over a wide range[74].  However, due to the complex composi-
tion and structure, the preparation usually requires high tem-
perature  annealing  to  increase  crystallinity  and  reduce  de-
fects, which also results in its size increase and low specific sur-
face  area.  For  further  improvement,  nanostructuring  can  re-
duce the diffusion distance of the photo-generated charge car-
riers  to  the  catalyst  surface,  and  effectively  improve  the  effi-
ciency of  surface hydrogen evolution reaction[75, 76]. Recently,
researchers  have  developed  simple  hydrothermal  and  solvo-
thermal methods to prepare high-specific surface area I–III–VI
solid  solution  nanostructures,  such  as  porous  microspheres
and  hieratical  nanostructures,  which  can  provide  a  rich  sur-
face active sites[77].  Above all,  high-crystallinity  and small-size
nanoparticles  have  always  been  the  ideal  structures  pursued
in  photocatalytic  applications.  In  addition  to  traditional  com-
position and structure control, cocatalysts loading, and hetero-
structure construction strategies, the I–III–VI QDs also provide
opportunities  for  size  and  surface  ligand  control,  which
provides  unique  advantages[36, 78−80].  In-depth  systematic  re-
search  on  the  composition  and  particle  size  of  different  sys-
tems  is  expected  to  screen  out  I–III–VI-based  solid  solution
QDs  photocatalysts  with  excellent  performance,  which  is  ex-
pected to greatly boost the visible light catalytic efficiency[14].

5.2.  Size and shape control

For  multinary  I–III–VI  QDs,  the  small  size  of  QDs  and  the
narrow band gap of sulfides have important effects on the pho-
tocatalytic  water  splitting  technology.  As  the  size  decreases,
the  band  structure  of  QDs  changes  from  continuous  to  dis-
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Fig. 4. (Color online) (a) Theoretical calculated[25] and (b) experimental results[14] of the size-dependent optical band gap of chalcopyrite I–III–VI
semiconductor QDs. The band gaps in panel (a) were calculated based on QDs with sizes of 2 to 5 nm. Reprinted from Refs. [14, 25].
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Fig. 5. (Color online) Schematic defect states[66] and charge carrier recombination pathways[67] of DAPs. Reprinted from Refs. [66, 67].
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crete  along  with  upshift  of  VB,  resulting  in  the  enhanced
photoreduction capability, so reducing the size will usually fa-
cilitate  photocatalytic  H2 production.  The  reduction  in
particle  size  results  in  larger  surface  area  and  more  active
sites  on the surface[81−84].  However,  it  has  also  been reported
that the number of surface traps and the nonradiative recom-
bination  decrease  with  increasing  size  to  promote  the  pho-
tocatalytic  water  splitting.  Kameyama et  al.  systematically  ex-
plored  how  the  size  of  (AgIn)xZn2(1−x)S2 QDs  affects  the  band
structure  and  optical  properties  (Fig.  6),  and  found  that  the
band gap narrows with increasing size, where the photocatalyt-
ic  activity  is  optimal  when  the  average  size  is  4.2–5.5  nm[85].
Shape  control  is  another  important  factor  for  the  I–III–VI
QDs  photocatalysts.  One-dimensional  (1D)  nanostructures,
such  as  elongated  nanorods,  are  a  promising  type  of  pho-
tocatalyst  that  facilitates the charge separation and improves
activity[84, 86−88].  Han et  al.  successfully  prepared  a  series  of
elongated  morphological  nanostructures,  such  as  CuGaS2

tadpoles,  CuInS2 bullets,  CuInZnS  rods  and  Cu2ZnGeS4

worms[89].

5.3.  Composition manipulation

Composition  manipulation  plays  a  critical  role  in  I–III–VI
QDs  photocatalysts,  not  only  for  bang  gap  engineering,  but
also for  catalytic  activity.  The band structure of  the multinary
compounds  can  be  adjusted  by  composition,  thereby  affect-
ing  the  light  absorption  ability  and  reduction  ability  to  im-
prove the photocatalytic performance (Fig. 6). Through theoret-
ical  calculation  and  analysis  of  energy  band  structure,  it  was
found that Cu 3d or Ag 4d orbits play a critical role in the VB,
while  In  5s5p  orbital  constructs  the  CB  of  I–III–VI  QDs[30].  For
I–III–VI-based  solid  solutions,  the  introduction  of  Zn  4s4p
orbital improves the CB level and improves the reducing cap-
ability of the photogenerated electrons[31].  A large number of
studies  on  I–III–VI-based  alloys  have  adjusted  the  band  gap
and the CB/VB positions via the ratio of metal cations to optim-
ize the photocatalytic activity[14]. For example, Chen et al. poin-
ted  out  that  the  AgIn5S8 photocatalyst  with  visible  light  re-
sponse  can  perform  photocatalytic  hydrogen  production  at
wavelengths greater than 640 nm[90]. I–III–VI-based solid solu-
tion  QDs,  such  as  ZnS–AgInS2

[91],  CuIn1−xGaxS2
[92] and

CuGa2In3S8
[93],  have  shown  excellent  photocatalytic  hydro-

gen production performance in  recent  studies.  Among them,
Yu et al.  tested the influence of Ga content on catalytic activ-

ity  of  CuIn1−xGaxS2 QDs  (optimized  composition  of  CuIn0.3-
Ga0.7S2)[94].  The  hydrogen  production  rate  of  CuGa2In3S8 QDs
loading with Ru even exceeded the corresponding bulk materi-
al prepared by high temperature annealing method[95]. The in-
troduction  of  Group  I  elements  (Cu  or  Ag)  is  an  effective
means to reduce the band gap in the composition control  of
I–III–VI  photocatalysts,  but it  also brings severe charge carrier
recombination and thus reduced photocatalytic efficiency, res-
ulting  in  the  dilemma  of  unable  to  cooperate  band  gap  nar-
rowing  and  charge  recombination.  For  this,  Mao et  al.  repor-
ted that a proper amount of Ag doping (i.e.  Ag :  In < 1.5 :  10)
can  lead  to  continuous  increase  of  photocatalytic  hydrogen
production,  which  achieved  synergetic  band  gap  narrowing
and  lifetime  increase[74].  PL  mechanism  study  shows  that  the
ratio  of  intrinsic  donor–acceptor  state  increases  with  moder-
ate silver doping, beneficial to the lifetime elongation. This dis-
covery provides a new perspective for narrow-band-gap pho-
tocatalysts[74].

5.4.  Surface manipulation

The  surface  ligands  not  only  determine  the  aqueous/or-
ganic dispersibility  of  the QDs,  but may also serve as the sur-
face  catalytic  center[96, 97].  Generally,  the  surface  of  QDs  syn-
thesized  under  the  conditions  of  high  temperature  and  high
boiling point  or  organic solvent are often covered with a lay-
er  of  organic  ligands  with  long  hydrocarbon  tails  (such  as
oleylamine,  oleic  acid  and  trioctylphosphine  oxide)[98] to  ob-
tain high crystallinity and high dispersibility. They are easily dis-
persed  in  non-polar  solvents  or  polymer  matrix,  but  are  diffi-
cult to disperse in aqueous phase. The pristine long-chain lig-
ands  are  usually  exchanged  with  short-chain  bipolar  ligands
(such as  3-mercaptopropionic  acid  (MPA)  or  simple  inorganic
ions),  which provide increased aqueous colloidal stability and
convenient  charge  transport  channels  during  photocatalysis
beneficial  for  the  photocatalytic  activity.  Lots  of  I–III–VI  QDs
photocatalysts were also directly prepared by aqueous meth-
ods with short-chain ligands. These short chain ligand-coated
colloidal QDs exhibit better charge separation, high conductiv-
ity,  and  enhanced  photocatalytic  activity[99].  Moreover,  Mao
et  al.  found  that  Ag–In–Zn–S  QDs  modified  with  mixed  lig-
ands -shows an unexpected synergetic effect on the photocata-
lytic  properties,  where  the  introduction  of  MPA  led  to  an  in-
crease in PL lifetime and a decrease in non-radiative recombin-
ation  that  can  be  attributed  to  the  stronger  caping  effect  of
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Fig. 6. (Color online) Size- and composition-dependent photocatalytic properties of ZAIS QDs. Reprinted from Ref. [85].
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MPA compared to that of L-cysteine[100].  Rao et al.  found that
simple  S2– ion  coated  (ZnS)0.4(AgInS2)0.6 QDs  have  more  act-
ive sites than the original QDs, thus making the photocatalyt-
ic activity increase[101].

5.5.  Heterojunctions

In  heterojunctions  formed  by  combining  semiconductor
materials  with  different  band  gaps  and  energy  levels,  espe-
cially  type-II  heterojunctions,  photogenerated  electrons  can
transfer from high CB materials to relatively low CB materials,
while  photogenerated  holes  can  migrate  reversibly.  This
band  arrangement  thereby  achieves  efficient  separation  of
electrons  and  holes.  CuIn5S8/Ag2S,  CuInSe2/TiO2

[102],  AgIn5S8/
TiO2

[103],  AgInS2/ZnS[104] and  other  heterojunctions  have
shown  the  capability  to  efficiently  transfer  the  photo-gener-
ated  electrons  and  holes,  extend  the  carrier  lifetime,  and
promote  the  photocatalytic  performance  of  the  composite.
In-situ  growth  method  is  also  reported  for  constructing
0D/2D heterojunctions,  such as Zn–AgIn5S8QDs/g-C3N4 nano-
sheets[105].

5.6.  Cocatalysts

Various  cocatalysts,  especially  noble  metals,  are  widely
used  as  high-efficiency  promoters  in  water  splitting  systems
to  enhance  charge  separation  and  catalytic  activity.  The
Fermi  level  of  the  noble  metals  are  often  lower  than  that  of
the semiconductors and the electrons generated by the semi-
conductor can smoothly migrate to the active site of the pre-
cious  metal  to  reduce the  surface  adsorbed H+ to  H2

[106].  The
cocatalysts  promote the separation of  photo-generated carri-
ers  of  semiconductor  materials  to  a  certain  extent,  which  re-
duces  the  internal  and  surface  electron/hole  recombination.
The  reverse  combination  reaction  is  also  suppressed  to  en-
hance the surface chemical reaction, and thus the photocatalyt-
ic  performance  is  significantly  improved.  Various  high-effi-
ciency metal cocatalysts have loaded onto I–III–VI QDs, includ-
ing Pt[107], Ru[108], Pd[109], and Rh[110]. In addition, adjusting the
Cu content makes it easier to cover the entire solar spectrum,
but it  is  often observed that even a relatively low Cu content
will  cause the photocatalyst to deactivate.  Mao et al. recently
found that loading Pt cocatalyst could cause a shift in the pho-
tocatalytic  activity  trend  in  a  series  of  Cu–In–Zn–S  QDs,
where  the  optimized  sample  was  changed  from  Cu/In/Zn  of
0.1/10/5 without Pt to 1/10/5 with Pt, e.g. the tolerance to Cu
doping  was  increased  by  10  times[15].  This  phenomenon  is
ascribed  to  the  competitive  effect  of  band  gap  narrowing  by
Cu  doping,  charge  recombination  by  Cu  defect  sites  and
charge  separation  induced  by  Pt  cocatalysts.  In  addition  to
noble  metals,  transition  metal  sulfides  are  a  class  of  cocata-
lysts  with  outstanding  performance  in  photocatalytic  hydro-
gen  production.  Mao et  al.  pointed  out  that  the  introduction
of  MoS2 nanosheets  increased  the  photogenerated  electron
transfer  of  Zn–AgInS  QDs  and  optimized  the  photocatalytic
activity[111].  Ning et  al.  combined  0D  AgInZnS  QDs  and  2D
MoS2 nanosheets  to  construct  a  heterojunction,  and  syste-
systematically explored the effects of the amount of Ag doping,
sacrificial  reagents,  and MoS2 co-catalyst  loading on the pho-
tocatalytic  activity.  It  was  found  that  the  introduction  of  the
inexpensive  MoS2 nanosheets  made  the  AQE  up  to  41%  (at
400 nm)  with  a  high hydrogen production rate  of  40.1  mmol
g–1 h–1[112].

5.7.  Stability and hole scarification

Photocorrosion  caused  by  the  oxidative  holes  is  a prob-
lem  faced  by  most  narrow-band-gap  sulfide  photocataly-
sts[113].  Stability is still  one of the biggest challenges for these
narrow-bandgap  sulfide  QDs,  similar  to  CdS  and  CdSe.  It’s
worth to note that sulfides play a critical role for visible-light-
driven  photocatalysis,  so  the  stability  and  photocorrosion  is-
sues  have  attracted  lots  of  attention  in  traditional  QDs  pho-
tocatalysts.  For  example,  in addition to the above-mentioned
modification methods, other experimental conditions for pho-
tocatalytic  water  splitting  (such  as  pH,  temperature,  sacrifi-
cial  agents,  etc.)  also  affect  the  hydrogen  production  activity
of  the  photocatalysts.  Lots  of  efforts  have  been  contributed
to the separation of the photogenerated charge carriers, such
as  heterojunction  construction  and  use  of  hole  sacrificial
agents,  such  as  S2–/SO3

2– and  ascorbic  acid.  It  has  also  been
realized  that  hole  trapping  in  the  defect  states  is  probably
the  main  cause  of  photocorrosion,  and  corresponding
strategies have started to be explored,  such as surface defect
engineering  and  hole  accepting  ligand  modification,  which
are  also  learned  from  traditional  QDs.  For  metal  sulfide  pho-
tocatalysts,  S2– and SO3

2– mixtures  are  usually  used as  sacrifi-
cial agents to capture the photo-generated holes and thus min-
imize  recombination  between  electrons  and  holes[114].  In  the
photocatalysis process, the holes oxidize S2- to S as a competit-
ive reaction to the photocorrosion of the catalyst themselves.
The resulted dark-color S and S2

2– will react with the SO3
2– ad-

ded  to  the  system  to  form  light-color  S2O3
2– and  get  elimin-

ated  to  avoid  light  shielding  effect.  In  addition  to  the
Na2S/Na2SO3 system,  triethanolamine,  L-cysteine,  and  ascor-
bic  acid  have  also  been  widely  explored  as  sacrificial  agents
for QDs-based hydrogen production[115].

6.  Bridging between QDs and emerging carbon
dots

As  mentioned  above,  the  QDs  family  has  shown  amaz-
ing  developing  vitality,  and  the  connotation  is  also  con-
stantly expanding, bringing a series of new phenomena, new
principles and new challenges to the QDs field. Now, as it  ex-
pands from traditional II–VI semiconductors to carbon and oth-
er  emerging  materials,  there  is  a  huge  gap  in  the  composi-
tion  and  structure,  leading  to  completely  different  synthetic
chemistry, PL mechanisms and applications[23]. Thus, it is diffi-
cult  for  carbon  dots  to  learn  directly  from  traditional  II–VI
QDs.  As  a  close  relative  of  II–VI  QDs,  I–III–VI  QDs  still  belong
to traditional semiconductors, for which the principles of syn-
thesis  and  structure  are  similar,  but  with  more  complicated
composition and structural variations that brings new optoelec-
tronic  properties.  From  this  point  of  view,  their  correspond-
ing manipulating strategies and development history that are
closely  related  with  II–VI  QDs  but  with  new  challenges,
provide a opportunity to bridge the huge gap between tradi-
tional QDs and emerging new carbon dots.  For photocatalys-
is,  traditional  QDs  play  an  important  role  in  the  clarification
of  photocatalysis  mechanisms and high-efficiency photocata-
lyst  design,  while  carbon  dots  show  unique  charm  in  all  the
three  aspects  of  photocatalysis,  e.g.  enhancing  light  absorp-
tion,  charge  transfer  and  co-catalysis.  Carbon  dots  reflect  the
dual  merits  of  small-size  QDs  and  carbon  materials,  show
high catalytic  activity  for  many reactions,  and can be used as
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multi-functional compositions of many high-performance pho-
tocatalysts  and  electrocatalysts[116−119].  The  unique  structural
advantages make carbon dots not only provide photo-genera-
tion  e–/h+,  but  also  provide  photo-generated  protons  and
photo-controlled  electron  transfer,  which  is  useful  in  many
organic  catalytic  reactions  beyond  photocatalysis[120].  Of
course,  the  carbon  dot-based  catalysts  are  still  in  its  infancy
in terms of fine structure manipulation, ultrafast spectral mech-
anism  and  in-situ  catalytic  mechanism  characterizations,
which  still  has  a  large  gap  compared  with  traditional  QDs.
I–III–VI QDs photocatalysts have made great progress by learn-
ing  from  II–VI  QDs,  especially  the  concise  manipulation  of
size,  shape and surface,  but also on their  own advantages in-
cluding continuous band gap tuning via  composition,  utiliza-
tion  of  long-lived  charge  carriers  and  delicate  manipulation
of the intrinsic (e.g. DAPs) and surface defect states. This actu-
ally provides an opportunity for carbon dots to learn and con-
sult,  especially  the  composition  tuning,  defect  manipulation
and the implication of  ultrafast  spectroscopy on the complic-
ated  photocatalytic  mechanisms.  More  detailed  comparison
is listed below in Table 1.

7.  Conclusions

In  summary,  I–III–VI  QDs  own  lots  of  unique  structural

and  optical  properties  and  play  a  key  role  in  photoelectric
fields,  including  photocatalysis.  It  has  similar  advantages  and
characteristics  of  traditional  QDs,  such  as  the  size-dependent
quantum  confinement  effect  and  high  specific  surface  area.
On  one  hand,  traditional  QDs  have  developed  lots  of  useful
strategies  to improve light  harvesting and charge separation,
such  as  the  delicate  control  over  size,  shape,  surface  expos-
ure and heterostructures. On the other hand, these ternary or
multinary  I–III–VI  QDs  provide  several  characteristic  advant-
ages  that  traditional  binary  QDs  do  not  have,  especially  the
wide  range  regulation  of  composition  and  band  gap,  as  well
as  the  rich  long-lived  trap  states,  which  greatly  expands  the
design  of  solid  solution  QDs  and  composite  photocatalysts
with complex compositions and structures. However, the com-
plicated  composition  also  brought  a  series  of  challenges  on
the structure  and synthesis  of  these  QDs,  such as  the  precise
control of the composition, the balancing of cation reactivity,
the  unwanted  cation  exchange  and  diffusion  for  heterojunc-
tion  construction.  This  may  rely  on  the  in-situ  monitoring  of
the growing process and the deep understanding of the syn-
thetic  chemistry.  Subsequently,  more  efforts  are  needed  on
the  clarification  of  size-  vs.  composition-dependent  band
gap, the PL origin from the abundant trap states, the engineer-
ing and utilization of the long-lived charge carriers,  which re-

Table 1.   Bridging between traditional II–VI QDs and emerging carbon dots by I–III–VI QDs.

II–VI QDs I–III–VI QDs Carbon dots

Structure

Quasi-spherical[121] or faceted
nanocrystalline core[122]

Quasi-spherical[123] or faceted
nanocrystalline core[124]

Crystalline (graphitic)[125] or amorphous
carbon core (often with irregular
shape)[126]

Capping ligands[127] Capping ligands[8] Surface functional groups[128]

Stoichiometric composition Nonstoichiometric composition[14] Nonstoichiometric carbon core and
surface[129]

Mainly surface defects[130] Abundant inner (intrinsic)/surface
defects[131]

Multi energy levels and abundant
inner/surface defects[132, 133]

Synthesis

Organometallic hot-injection
method[134]

Organometallic hot-injection
method[135, 136]

Both up-side-down[137] and bottom-up
methods[138]

Ionic reactions[139] Ionic reactions[56] Radical reactions[140]

Precise size and shape control[141] Challenging: balance of cation
reactivity[142]

Challenging: difficult to control; prefer
organic synthetic methods

Relatively mature doping[143] and
heterojunction[144] construction;

Competition of core/shell[145] vs. interfacial
alloying[146];

Doping[147] and heterojunction[148]

construction: lots of study but very
difficult for precise control[149]

Profound understanding of growth
kinetics and synthetic chemistry

Difficult to obtain clear heterojuntions Growth kinetics and synthetic chemistry:
complicated reaction intermediates and
byproducts[150]

Optical
properties

Narrow PL peak[151], high PL QYs,
small stokes shift, short lifetime (for
band edge emission)[152]

New: large stokes shift, wide PL peak, long
lifetime[152, 153]

New: excitation-dependent emission,
wide PL peak (multi states), long lifetime
(fl & pl), up conversion[154, 155]

Quantum size effect: clear[156] Quantum size effect[1]: challenging
(composition-dependent)

Quantum size effect: unclear (unkown
core composition & surface groups)

Extinction coefficient: clear Only CuInS2
[157] No report

Mechanism: interband
recombination & surface defect trap
states[158]

Mechanism: DAP recombination[159]
Mechanism: sp2 domain-induced
interband PL, surface molecular emission,
AIE, etc.

Band gap engineering[160] and
wavefunction engineering[161]

Band gap engineering[162] and wave
function engineering[163]: size-,
composition and structure dependent[14]

Band gap engineering and wavefunction
engineering: very challenging[154, 155]

Photocatalysis

Combined Homogeneous/
heterogeneous photocataly-
sis[164, 165]

Heavy metal free[166] Contribute on light absorption[119, 167]

High absorbance[160]; high surface
area[168]

Continuous band gap tuning via
composition[14]

Charge separation and cocatalysts[169, 170]

Type-II heterojunction for efficient
charge separation[171, 172]

Long lifetime[173] Photogenerated e-/h+, photogenerated
protons and photo-controlled electron
transfer[23]

Charge carrier dynamics:100% AQE Delicate manipulation and utilization of
intrinsic and surface defects[174]

Multi electron donating/accepting[175]
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quires  investigation  and  manipulation  of  the  excited  states
by  ultrafast  spectroscopy.  As  mentioned  above,  all  structure
controled  methods  of  traditional  QDs  photocatalysts  have
been  applied  to  the  I–III–VI  QDs  system,  including  particle
size,  composition,  surface  ligands,  cocatalysts,  hole  sacrificial
agents,  etc.,  which  provide  systematic  research  on  related
strategies as very good model system. In addition, the perform-
ance shortcomings of the traditional chalcogenide photocata-
lysts  usually  can  also  be  found  in  the  I–III–VI  QDs  system,
such  as  poor  stability,  slow  hole  extraction,  low  charge  carri-
er  utilization  efficiency,  etc.  These  problems  rely  on  ultrafast
spectroscopic  research,  which  also  provides  a  good  inspira-
tion for other photocatalytic  systems.  In principle,  photocata-
lysis  is  a  special  form  of  electrocatalysis,  where  the  electrons
and holes are provided by light irradiation. The advantages of
I–III–VI  QDs  in  mechanism  research  can  also  be  extended  to
the entire photo/electrocatalysis fields Furthermore, as a natur-
al  multi-composition  and  multi-interface  catalyst,  I–III–VI  QDs
can be useful in the distribution process of active species, the
adsorption of active species, and electron transfer in other cata-
lytic  systems  in  a  much  broader  way.  The  identification  and
change  of  the  active  sites  and  other  issues  may  provide  use-
ful help as a suitable model system for understanding the cata-
lyst from the perspective of physical and chemical interface en-
gineering, for which more profound ultrafast and in situ spec-
troscopy  studies  are  the  key.  In  terms  of  the  overall  signific-
ance of photocatalysis and other catalytic studies, I–III–VI QDs
are  a  class  of  materials  that  far  surpasses  traditional  binary
QDs.  With the joint  efforts  of  researchers  in  related fields,  we
hope that they will play an increasingly important role in cata-
lysis research.
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