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Abstract: Photocatalytic  hydrogen  evolution  is  one  of  the  most  promising  ways  to  solve  environmental  problems  and  pro-
duce a sustainable energy source. To date, different types of photocatalysts have been developed and widely used in photocata-
lytic hydrogen evolution.  Recently,  multinary copper chalcogenides have attracted much attention and exhibited potential  ap-
plications  in  photocatalytic  hydrogen  evolution  due  to  their  composition-tunable  band  gaps,  diverse  structures  and  environ-
mental-benign  characteristics.  In  this  review,  some  progress  on  the  synthesis  and  photocatalytic  hydrogen  evolution  of  mul-
tinary  copper  chalcogenide  nanocrystals  (NCs)  was  summarized.  In  particular,  considerable  attention  was  paid  to  the  rational
design and dimensional  or  structural  regulation of  multinary  copper  chalcogenide NCs.  Importantly,  the photocatalytic  hydro-
gen evolution of  multinary copper chalcogenide NCs were reviewed from the aspects  of  energy level  structures,  crystal  facets,
morphology  as  well  as  composition.  Finally,  the  current  challenges  and  future  perspectives  of  copper  chalcogenide  were  pro-
posed.
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1.  Introduction

Thanks to the demands of ever-increasing productivity in
the  global  economy,  the  demand  for  energy  is  growing
daily[1−3].  Fossil  fuels  have  been  our  major  energy  source  for
hundreds of years, and more than 80% part of the current en-
ergy  supply  still  focuses  on  carbon-based  energy  sources,
which  leads  to  a  lot  of  environmental  problems,  such  as  cli-
mate  change,  greenhouse  effect,  and  air  pollution[4, 5].  Thus,
the development of sustainable green energy sources has be-
come  an  urgent  scientific  challenge.  In  the  past  decades,
great  efforts  have  been  made  to  exploit  alternative  energy
sources.  Among  all  the  solutions,  hydrogen  is  considered  to
be  the  most  promising  one  due  to  its  high  energy  capacity
and  environmentally  friendly  characteristics[6−8].  For  a  typical
photocatalytic process, the first step is the light absorption of
the  semiconductor  photocatalysts  —  the  photo-excited
charges  (electrons  and  holes)  are  generated  during  this  pro-
cess.  Then,  the  excited  charges  are  separated,  migrated,  or
transferred individually.  Finally,  the excited charges are trans-
ferred to the surface of the material and participated in the de-
composition  of  water  to  produce  hydrogen.  As  a  matter  of
fact, all of these processes affect the final generation of hydro-
gen from the semiconductor photocatalysts.  After decades of
effort,  photocatalytic  hydrogen  production  technology  has
now begun to bear fruit. To date, several different types of ma-
terials  have  been developed to  produce hydrogen energy,  in
which the semiconductors have become one of the most pop-
ular  materials  for  photocatalytic  hydrogen evolution[9−13].  For

example, TiO2 is the first reported photocatalyst for water split-
ting under UV light,  which exhibits high efficiency and stabil-
ity[14−16]. Moreover, compounds such as cadmium-based semicon-
ductors  have  also  been  developed  as  novel  photocatalysts
because  they  have  suitable  band  gaps  for  sunlight  absorp-
tion[17−19].  However,  among these photocatalysts,  TiO2 mainly
absorbs ultraviolet  light and it  cannot maximize the solar  en-
ergy.  As  for  the  cadmium-based  semiconductors,  the  intrins-
ic  toxicity limits  their  further application because of  the pres-
ence  of  the  heavy  elements  in  the  compounds[20].  Therefore,
the  development  of  new  alternative  semiconductor  materi-
als for photocatalytic applications is in great demand.

In  recent  years,  multinary  copper  chalcogenide  semicon-
ductor  NCs  have  attracted  considerable  and  growing  atten-
tion due to their  abundance, low cost,  reduced environment-
al and health impact and appropriate direct band gaps for sun-
light absorption[21, 22].  More importantly,  their  structure,  com-
position,  and  stoichiometry  can  be  easily  regulated,  which
leads  to  a  huge material  family  from binary  to  quaternary  in-
volving a large number of elements[23−25]. Their excellent char-
acteristics give them a wide range of applications in many dif-
ferent fields, such as LEDs, solar cells, photodetectors and pho-
tocatalysis[26−30].  Research  towards  multinary  copper  chalco-
genides  starts  from  their  binary  counterparts,  such  as  Cu2–xS.
These  binary  compounds  have  been  widely  studied  because
of their tunable localized surface plasmon resonance (LSPR) ab-
sorption  in  near-infrared  region[31−35].  In  addition,  the  pres-
ence of Cu vacancies in the binary compounds offers an oppor-
tunity to rationally design and synthesize multinary Cu chalco-
genides NCs through a cation exchange strategy[36].

Since  the  wider  response  range  of  solar  light,  tunable
bandgap, as well as the environmental-benign characteristics,
the  cadmium-free  multinary  Cu  chalcogenides  compounds
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have drawn great interest for photocatalytic hydrogen produc-
tion. Although the earlier work on the photocatalytic H2 evolu-
tion of  CuInS2 was reported in 1992,  the efficiency was much
lower than that of other photocatalysts[37].  After tens of years
development, much progress has been made in the improve-
ment of the photocatalytic performance of the copper chalco-
genide  compounds[38−41].  For  example,  Tan et  al.  introduced
Zn  into  CuInS2 compounds  and  studied  the  effects  of  differ-
ent  copper  contents  on  the  photocatalytic  performance  of
Cu–In–Zn–S  NCs[42].  Similarly,  Kandie et  al.  introduced  Zn  in-
to  Cu–Ga–S NCs and compared the photocatalytic  properties
of the samples with different Zn contents[43]. Besides, Yu et al.
synthesized CuInxGa1–xS2 nanorods with nonstoichiometric ra-
tio  by  adding  Ga  elements  into  CuInS2 nanorods[44].  It  was
found  that  the  photocatalytic  performance  of  the  products
was improved by introducing Ga into the ternary CuInS2 NCs.
Moreover, Zhao et al. constructing CuGaS2–ZnS p–n type nano-
heterostructures  based  on  CuGaS2 and  ZnS  compounds
through  a  solution  route,  and  the  photocatalytic  perform-
ance  of  the  heterostructured  NCs  was  significantly
increased[45].  To  date,  the  photocatalytic  hydrogen  evolution
of  multinary  copper  chalcogenide  NCs  has  become  a  popu-
lar research topic. Very recently, our group focused on the ra-
tional  design and synthesis  of  ternary and quaternary copper
chalcogenide  NCs  and  their  applications  in  the  photocatalyt-
ic hydrogen evolution. In this review, we first introduce the ra-
tional  design  and  synthesis  of  copper  chalcogenides  NCs
with different morphology and composition through a colloid-
al  chemical  method.  We  also  summarize  the  effects  of  the
key  parameters  including  morphology,  crystal  facets  and  en-
ergy  level  structure  on  the  photocatalytic  hydrogen  evolu-
tion  of  the  NCs.  Finally,  the  perspectives  and  future  chal-
lenges for the next research in the copper chalcogenide pho-
tocatalysts are proposed.

2.  Rational design and synthesis of copper
chalcogenide NCs

Given  the  high  cation  mobility  of  Cu+ ions  at  a  relatively
high temperature,  the ternary and quaternary copper chalco-
genides are actually derived from the binary ones through sub-
stituting  or  replacing  some  of  the  cations,  while  they  still  re-
tain their original structures[46−48]. During the synthesis of cop-
per  chalcogenide  NCs  through  a  colloidal  synthesis  method,
the  combination  of  ions  and  the  formation  of  crystals  gener-
ally  follow  the  Hard–Soft–Acid–Base  (HSAB)  Theory[49, 50] and
the  LaMer  Classical  Nucleation  Theory[51, 52].  Thanks  to  these

points,  it  is  easier  to realize the controllable synthesis  of  cop-
per  chalcogenide  NCs  with  different  morphologies  and  com-
positions as well as the energy level structures.

2.1.  Synthesis of heterostructured and alloyed NCs

from binary Cu1.94S NCs

The cation exchange method has often been used to pre-
pare different types of copper chalcogenide NCs since the cop-
per ions in nonstoichiometric Cu2–xS NCs had a very high mo-
bility  at  high  temperature,  which  acted  as  the  seeds  for  the
formation  of  heterostructured  and  alloyed  NCs.  Our  recent
work  showed  the  synthesis  of  heterostructured  and  alloyed
NCs  by  introducing  different  valent  metal  ions,  such  as  Zn2+,
Cd2+,  Mn2+,  In3+ and Ga3+,  into the monoclinic  Cu1.94S NCs[53].
Theoretically, they should all form ternary alloyed NCs, but, in-
terestingly, it was only formed by adding trivalent cation pre-
cursors.  However,  it  is  the  heterogeneous  structures  that
formed in the addition of divalent cation precursors. A schem-
atic  illustration  of  the  products  evolution  from  binary  NCs  to
the  heterostructured  and  alloyed  NCs  is  shown  in Fig.  1,  and
the corresponding transmission electron microscopy (TEM) im-
ages are also given.  All  the heterostructured and alloyed NCs
are synthesized by introducing different metal compounds pre-
cursors into the mixture of copper precursors and 1-dodecane-
thiol at a relatively high temperature under N2 protection.

Very  interestingly,  the  ternary  alloyed  NCs,  such  as
CuInS2 and CuGaS2, also underwent heterostructured interme-
diates  during  their  formation.  In  the  process,  cation  ex-
change was taken place to incorporate trivalent ions into the
Cu1.94S seeds,  followed by  the  formation of  Cu1.94S–CuInS2 or
Cu1.94S–CuGaS2 heterostructured NCs.  Further prolonging the
reaction  time  resulted  in  the  cation  inter-diffusion  across  the
whole  nanocrystals,  gradually  leading  to  the  formation  of
CuInS2 and CuGaS2 alloyed NCs[23, 54, 55]. As to the heterostruc-
tured  Cu1.94S–ZnS  or  Cu1.94S–CdS  NCs,  a  typical  cation  ex-
change process would take place firstly, in which the divalent
cations entered the Cu1.94S seeds. With the enrichment of the
secondary cations,  they could bond with S2– and nucleate on
the  preformed  domains,  leading  to  the  epitaxial  growth
along  the  anionic  framework.  As  a  result,  they  turned  out  to
be heterogeneous structures[56, 57].  According to Zhao’s  work,
such epitaxial growth may have resulted from the small differ-
ence  between  the  surface  tension  of  the  two  parts[58, 59].
Moreover,  previous  reports  pointed  out  that  the  Cu  content
was  very  low  in  the  ZnS:Cu  system  without  any  chemical  co-
activator  like  Ga[60],  which  may  be  responsible  for  the  forma-
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Fig. 1. (Color online) Schematic illustration and TEM images of the product evolution from Cu1.94S NCs to different types of heterostructured and
alloyed NCs[53].
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tion  of  heterostructured  compound  but  not  alloyed  one  by
adding Zn2+ to the Cu1.94S alone.

2.2.  Dimensional regulation of ternary CuGaS2 NCs

Since  the  ternary  alloyed  NCs  could  be  synthesized  by
introducing  trivalent  ions  into  the  Cu1.94S  seeds  through  a
cation exchange method, the morphology was tuned in a lim-
ited scope[61−63]. Our recent work reported the dimensional reg-
ulation  of  the  CuGaS2 NCs,  which  offered  an  effective  ap-
proach  for  tuning  the  dimension  and  thus  boosted  the  pho-
tocatalytic  performance[64].  In  this  work,  ternary  CuGaS2 NCs
were  synthesized  by  using  a  one-step  heating-up  process
without  any  injection,  which  had  a  hexagonal  wurtzite  struc-
ture.  The  dimension  of  the  NCs  varied  from  one-dimensional
(1D)  to  two-dimensional  (2D)  by  tuning  the  surfactants,  and
the TEM images are depicted in Fig. 2. The 1D nanorods were
synthesized with Cu(acac)2 and Ga(acac)3 as precursors, 1-octa-
decene  (ODE)  as  solvents  and  dodecane  thiol  (DDT)  as  sulfur
sources.  These  can  be  regarded  as  the  original  conditions
and the morphology of  the as-obtained samples  were  essen-
tially identical to that of the previous work[53]. The qusi-2D ten-
nis-racket-shaped  NCs  were  synthesized  through  the  original
method  but  to  replace  some  of  the  solvent  with  oleylamine
(OM).  While  the  synthetic  conditions  of  2D  hexagonal
nanosheets  were  basically  the  same  as  original  method  ex-
cept  that  Ga(acac)3 was  replaced  by  GaCl3,  and  the  presence
of  Cl– plays  a  significant  role  in  the  formation  of  2D
nanosheets.

Further  study  indicated  that  the  different  dimensional
NCs  were  from  the  difference  in  the  growth  direction,  which
is caused by the adsorption of added ligands to a certain cry-
stal  facet.  Specifically,  the  amine  molecules  preferred  to  co-
ordinate  with  cations  on  the  (001)  facet  of  wurtzite  NCs[65],
and  the  Cl– specifically  adsorbed  on  the  {001}  and  {110}  fa-
cets.  The  growth  in  the  direction  of  the  adsorbed  crystal  fa-
cets could be inhibited, so they finally formed the tennis-rack-
et-shaped NCs and hexagonal nanosheets, respectively.

2.3.  Synthesis of L-shaped quaternary Cu–Ga–Zn–S

NCs

In the previous narratives, adding Ga3+ and Zn2+ into bin-
ary  Cu1.94S  NCs  could  lead  to  the  formation  of  ternary  al-
loyed  and  heterostructured  NCs,  respectively.  Surprisingly,
our previous work showed that quaternary Cu–Ga–Zn–S nano-
crystals  with  special  L-shaped  (Figs.  3(a) and 3(b))  were  syn-
thesized  by  simultaneously  introducing  Ga(acac)3 and
Zn(acac)2 into the binary NCs[66].

By further studying the temporal evolution of the morpho-

logy  and  crystal  structure  of  the  products,  it  was  confirmed
that  the  formation  of  quaternary  and  L-shaped  Cu–Ga–Zn–S
NCs was related to the transformation from the binary Cu1.94S
to  Cu31S16–ZnS  and  Cu31S16–CuGaZnS  nanoheterogeneous
structures caused by the inter-diffusion of Zn2+ and Ga3+ into
the  Cu1.94S  seeds.  In  particular,  on  the  one  hand,  the  forma-
tion of quaternary Cu–Ga–Zn–S NCs was by the synergistic ef-
fects of both Ga3+ and Zn2+ ions. On the other hand, the forma-
tion  of  L-shaped  novel  morphology  was  the  result  of  careful
regulation  of  reaction  temperature,  the  concentrations  of
DDT and other factors[66].

3.  Photocatalytic performance of copper
chalcogenide NCs

The photocatalytic hydrogen evolution is essentially a pro-
cess  in  which  the  electrons  of  the  valence  band  are  excited
to the conduction band by optical excitation to participate in
a chemical reaction[67].  As a result,  the performance of a pho-
tocatalyst  mainly  depends  on  its  energy  band  structure,
which  determines  the  ability  of  light  absorption  to  ensure
that  the  subsequent  reaction  would  proceed  smoothly.  As
the  size  is  decreased  to  nanometer  level,  the  crystal  size  has
shrunk so dramatically that the surface energy could not be ig-
nored[68].  Thus,  the  energy  difference  between  the  different
crystal  facets  is  greatly  amplified  and  the  exposed  crystal  fa-
cets  are  of  particular  importance[69, 70].  Fortunately,  it  is  feas-
ible to change the exposed crystal  facets by adjusting the di-
mension of NCs. In addition, especially for the copper chalco-
genides  NCs,  the  element  constituents  also  have  a  huge  im-
pact on their photocatalytic performance[42, 43].

In  the  aforementioned  section,  the  synthetic  issues  from
three  studies  were  introduced,  and  formation  mechanism  of
the different types of NCs was provided. However, for the pho-
tocatalytic applications, the parameters change of the NCs in-
volved  in  these  studies  actually  have  deeper  implications,
which  manifest  themselves  as  changes  in  the  energy-level
structure,  the  crystal  surface,  and  the  elements  of  the  NCs.
Therefore, in the following sections, several important factors,
which  affect  the  photocatalytic  hydrogen  production  of  cop-
per  chalcogenide  NCs,  will  be  summarized  and  discussed
from  the  aspects  of  energy  level  structure,  crystal  facets  and
composition, respectively.

3.1.  Effects of energy level structure

In  Zhu’s  work,  two  types  of  copper  chalcogenide  NCs
were  prepared  by  introducing  different  valent  cations  into
the parent NCs. The photocatalytic hydrogen evolution of the
alloyed and heterostructured NCs was compared, and the res-
ults  are  shown in Fig.  4[53].  It  is  found that  the  photocatalytic
performance  of  both  heterostructured  and  alloyed  NCs  were
better  than that  of  binary Cu1.94S NCs,  except  for  CuInS2 NCs.
Among them, Cu1.94S–CdS and CuGaS2 had the best perform-
ance.  The main reason for  these differences is  that  they have
different  energy  level  structures.  From  the  energy  level
diagram  (Fig.  4(c)),  it  can  be  derived  that  only  Cu1.94S–CdS
NCs  belong  to  the  type  II  heterostructure  out  of  the  three
samples,  whose  energy  level  structure  is  well  suited  to  pho-
tocatalysis[71].  As  for  the  alloyed  NCs,  it  is  now  widely  accep-
ted  that  incorporation  of  the  In  and  Ga  ions  into  Cu1.94S  NCs
could  reduce  the  number  of  Cu  vacancies,  which  is  favored
for the photocatalysis[53]. However, the conduction band min-
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CuGaS2 NCs[64].
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imum (CBM) position of CuInS2 is too low relative to H+/H2 to
reduce  H+ back  to  hydrogen.  This  is  the  reason  why  the
CuInS2 alloyed  NCs  showed  a  decreased  photocatalytic  abil-
ity  of  hydrogen evolution.  While the CuGaS2 alloyed NCs had
a  suitable  band  gap  that  was  preferred  for  the  charge  trans-
port  and  separation,  leading  to  an  increase  of  photocatalytic
performance[20, 72].

3.2.  Effects of crystal facets

The  energy  level  structures  of  different  crystals  could
vary  considerably,  but  actually,  there  are  great  differences
between the facets’ energies of the same crystal[69, 70]. Accord-
ing to the results mentioned above, all  the three CuGaS2 NCs
with different dimensions have the wurtzite structure but the
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Fig.  3.  (a)  TEM images and (b)  STEM-EDS elemental  mapping images of  the L-shaped Cu–Ga–Zn–S NCs.  (c)  XRD patterns of  the products  ob-
tained at different reaction time. (d–h) TEM images of wurtzite Cu–Ga–Zn–S NCs synthesized at 240 °C for different reaction time: (d) 7 min, (e) 23
min, (f) 45 min, (g) 60 min, and (h) 120 min[66].
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Fig. 4. (Color online) (a) The hydrogen production rate of the Cu1.94S NCs, CuInS2 and CuGaS2 alloyed NCs. (b) The hydrogen production rate of
Cu1.94S NCs, Cu1.94S–ZnS, Cu1.94S–CdS and Cu1.94S–MnS heterostructured NCs. (c) The energy level diagram of Cu1.94S NCs (black), CuInS2 alloyed
NCs (red), CuGaS2 alloyed NCs (blue), Cu1.94S–ZnS (pink), Cu1.94S–CdS (green) and Cu1.94S–MnS heterostructured NCs (orange)[53].
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energy  level  of  the  three  sample[64] is  different.  From  the  en-
ergy level structure diagram (Fig. 5(a)), it can be seen that the
CBM  position  of  1D  CuGaS2 nanorods  is  the  highest  among
the three samples,  while that of the 2D samples is  the lowest
of  all.  Based  on  the  previous  report,  the  CBM  of  2D  CuGaS2

NCs  is  lower  than  that  of  the  other  two  counterparts,  and  its
photocatalytic  performance  may  be  reduced.  However,  the
2D samples have the best photocatalytic performance[64].

The  difference  in  morphology  between  1D  and  2D  Cu-
GaS2 NCs  is  actually  the  difference  in  the  exposed  crystal  fa-
cets. 2D CuGaS2 NCs mainly expose more {001} facets and the
1D CuGaS2 NCs prefer to expose {100} facets. The density func-
tional  theory  (DFT)  calculations  were  performed  to  study  the
properties  of  (001)  and  (100)  surfaces,  as  shown  in Fig.  6.  On
the  one  hand,  it  can  be  derived  from  the  work  function  of
the  CuGaS2 (001)  and  (100)  that  it  was  easier  for  the  elec-
trons  escaping  from  the  (001)  surface  than  the  (100)  surface
(Figs. 6(c) and 6(d)). That is to say, it is easier for the (001) sur-
face to generate photoelectrons.  On the other hand, the pro-
jected  density  of  states  (PDOS)  of  the  (001)  and  (100)  sur-
faces  (Figs.  6(e) and 6(f))  represented  that  the  (001)  surface
had  some  metal  properties,  while  the  (100)  surface  did  not,
which indicated that the (001) surface had much better prop-
erty  of  charge  transport[73].  For  these  reasons,  although  1D
and 2D CuGaS2 NCs have the same crystal  structure,  they are
exposed to different crystal surfaces, resulting in a large differ-
ence in the photocatalytic performance.

In  this  work,  the  different  dimensions  of  CuGaS2 NCs  ori-
ginate  from  the  specific  binding  of  ligands  to  the  crystal  fa-
cets, and interestingly, the exposed facets then lead to the dif-
ferent  photocatalytic  properties.  Subsequent  research can be
inspired  by  the  deliberate  exposure  of  a  certain  surface  with
high energy.

3.3.  Synergistic effects of composition and

morphology

The  L-shaped  Cu–Ga–Zn–S  alloyed  NCs  is  a  great  suc-
cess  in  the  synthesis  of  copper  chalcogenide  NCs.  Besides,
such  samples  also  show  an  excellent  performance  in  pho-
tocatalytic hydrogen evolution compared with the binary and
ternary  counterparts  (as  shown  in Fig.  7)[66].  The  reason  for
the  great  improvement  in  the  photocatalytic  performance  of
the L-shaped CGZS NCs can be explained in two aspects: com-
position and morphology. Firstly, adding Zn2+ ions into the p-
type  semiconductor  CuGaS2 NCs  would  greatly  reduce  the
number of original  Cu vacancies,  which could capture part of
the  photogenerated  electrons.  Thus,  the  separation  effi-
ciency  of  photon-generated  carriers  could  be  greatly  im-
proved, and the photocatalytic performance of the NCs could
also  be  improved[43, 45].  Besides,  the  novel  morphology  also
played an important role in improving the photocatalytic per-
formance. The L-shaped CGZS nanorods represented a one-di-
mensional form and had enough length, which offered the car-
riers a direct transporting path[74]. In this way, the carrier separ-
ation ability of the L-shaped CGZS NCs was further improved.

4.  Photostability of multinary copper
chalcogenide NCs

Photostability  is  an  important  parameter  to  evaluate  the
photocatalytic  performance  of  a  semiconductor  photocata-
lyst,  which is the prerequisite for further practical application.
Only  a  little  loss  is  observed  in  the  Cu1.94S–CdS  heterostruc-
tured NCs and only Cu1.94S NCs over 20 h after  5  consecutive
runs  under  solar  illumination  with  the  intensity  of  100
mW/cm2,  demonstrating  their  good  photocatalytic  stability
for  hydrogen  production  (Fig.  8(a)).  Moreover,  for  the  L-
shaped  CGZS  nanorods,  there  is  no  obvious  reduction  in  the
hydrogen  production  rate  after  six  cycles  under  solar  light
with  the  intensity  of  300  mW/cm2,  which  indicates  that  the
product  shows a  good photostability  (Fig.  8(a)).  Therefore,  all
the  copper  chalcogenide  NCs,  including  alloyed  and  hetero-
structured  as  well  as  ternary  or  quaternary  NCs,  have  relat-
ively good photostability, which may hold a promising poten-
tial in the further applications.

5.  Conclusions and perspectives

In  summary,  we  introduced  some  representative  works
on  the  synthesis  and  photocatalytic  hydrogen  evolution  of
multinary  copper  chalcogenide  NCs,  and  the  photocatalytic
performance could be improved by tailoring the energy level
structure,  crystal  facets  and  composition,  which  could  be
tailored by tuning the synthetic parameters. For example, the
incorporation of divalent and trivalent metal cations into bin-
ary  Cu1.94S  seeds  could  bear  heterostructured  and  alloyed
NCs,  which  exhibited  different  energy  level  structures,  lead-
ing  to  different  photocatalytic  performance.  In  contrast,  qua-
ternary Cu–Ga–Zn–S alloyed NCs could be formed by introdu-
cing Ga3+ and Zn2+ ions at the same time, and the incorpora-
tion  of  Zn  would  reduce  the  Cu  vacancies  and  the  spatial  ef-
fect  of  L-shaped morphology would offer  a  positive effect  on
the  separation  and  migration  of  carriers,  which  contributed
to the improved photocatalytic hydrogen evolution.

Despite  remarkable  achievements  obtained  in  the  pho-
tocatalytic  performance  of  the  copper  chalcogenide  NCs,
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there still exist many issues to be addressed and plenty of chal-
lenges  to  be  defeated  in  the  future  work.  For  example,  more
in-depth studies are needed to study the mechanism of the ac-
tion of Zn2+ and its optimal concentration in the Cu–Ga–Zn–S
alloyed NCs. The low photocatalytic efficiency and the lack of
extensive  studies  for  a  successful  scale-up  of  the  laboratory
setup  into  an  industrially  relevant  scale.  The  effects  of  differ-
ent  metal  elements  for  multinary  copper  chalcogenide  NCs
on photocatalytic hydrogen production are still debating. Over-
all,  there is  much room to boost the photocatalytic  efficiency
of copper chalcogenide NCs as compared to other photocata-
lysts.
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