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Abstract: Hydrogen energy is  a  powerful  and efficient  energy resource,  which can be produced by photocatalytic  water  split-
ting.  Among the photocatalysis,  multinary copper-based chalcogenide semiconductor  nanocrystals  exhibit  great  potential  due
to  their  tunable  crystal  structures,  adjustable  optical  band  gap,  eco-friendly,  and  abundant  resources.  In  this  paper,
Cu–Zn–Sn–S (CZTS) nanocrystals with different Cu content have been synthesized by using the one-pot method. By regulating
the surface ligands, the reaction temperature, and the Cu content, kesterite and hexagonal wurtzite CZTS nanocrystals were ob-
tained. The critical factors for the controllable transition between two phases were discussed. Subsequently, a series of quatern-
ary CZTS nanocrystals  with different Cu content were used for photocatalytic  hydrogen evolution.  And their  band gap,  energy
level structure, and charge transfer ability were compared comprehensively. As a result, the pure hexagonal wurtzite CZTS nano-
crystals have exhibited an improved photocatalytic hydrogen evolution activity.
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1.  Introduction

Hydrogen  energy  is  a  sustainable  and  clean  energy
source because it  only produces water with no harmful emis-
sion for  applications[1−3].  With  the energy shortage and glob-
al warming problems, hydrogen energy has overwhelming eco-
nomic  competitiveness  and  environmental  benefits,  espe-
cially  as  fuel  cells  for  cars,  rockets,  and  spaceships.  In  1972,
Fujishima et  al.  reported  that  TiO2 semiconductor  material
could  be  used  for  the  electrochemical  photolysis  of  water[4].
This  discovery  guided  the  way  for  scholars  to  explore  hydro-
gen  energy[5−7].  The  photocatalytic  decomposition  efficiency
is  closely  related  to  the  photoelectric  properties  of  semicon-
ductor materials[8]. In recent years, semiconductor nanomateri-
als  have  developed  rapidly[9−11].  However,  most  of  the  re-
search topics are mainly focused on Cd- or Pb-based semicon-
ductor  nanocrystals,  which  have  high  toxicity  and  environ-
mental pollution[12]. Thus it is of great interest to search for en-
vironmental-benign alternatives to replace Cd/Pb-based nano-
crystals[13].  Among  the  alternatives,  multinary  copper-based
chalcogenide semiconductor nanocrystals have attracted wide-
spread attention due to their adjustable band gap and less-tox-

ic  advantages[14−16].  In  recent  years,  great  progress  has  been
made  in  the  synthesis,  photoelectric  conversion,  and  pho-
tocatalysis applications of multinary copper-based chalcogen-
ide  semiconductor  nanocrystals.  But  there  is  still  a  big  gap
between the practical efficiency and theoretical conversion effi-
ciency[17]. Pioneers have found that the band gap, defect con-
centration and electronic conductivity of the synthesized mul-
tinary  copper-based  chalcogenide  semiconductor  nanocrys-
tals could affect their photocatalytic performance[18, 19]. There-
fore,  it  is  necessary  to  improve  photocatalytic  performances
of multinary copper-based chalcogenide semiconductor nano-
crystals  through  controlling  the  crystal  structure,  absorption
band  gap  and  catalytic  active  sites[19−21].  The  quaternary
Cu–Zn–Sn–S  (CZTS)  nanocrystals  have  aroused  the  interest
due  to  the  following  advantages:  firstly,  they  have  abundant
storage  of  elements  with  low  prices  and  environmentally
friendly  benefits;  secondly,  they  have  a  suitable  absorption
band gap and carrier mobility; thirdly, the nanocrystal compo-
sition  and  internal  structure  can  be  precisely  controlled
through changing the reaction parameters[22].

In  this  paper,  we  presented  the  controllable  synthesis  of
quaternary  CZTS  semiconductor  nanocrystals  and  demon-
strated  its  applications  in  the  photocatalytic  evolution,  with
emphasis on the regulation of Cu content for improving pho-
tocatalytic performance.  Pure hexagonal wurtzite CZTS nano-
crystals  were successfully  synthesized through regulating the
Cu content, the surface ligand, and reaction temperature. The
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photoelectrical  and  photocatalytic  properties  of  the  CZTS
nanocrystals  with  different  crystal  phases  for  hydrogen  pro-
duction  were  compared  and  studied  in  depth.  Specifically,
the effects of  Cu content on the band gap of  CZTS nanocrys-
tals  and  the  photocatalytic  hydrogen  evolution  performance
were concluded. 

2.  Experimental methods
 

2.1.  Synthesis

A  series  of  quaternary  CZTS  nanocrystals  were  synthes-
ized by a one-pot method as shown in Fig. 1(a). Firstly, the pre-
cursors  (Cu(acac)2 and  Zn(acac)2)  were  dispersed  in  the
oleylamine  (OM),  and  then  the  reaction  mixture  was  purged
with  nitrogen  under  magnetic  stirring.  Afterward,  the  reac-
tion  mixture  was  heated  to  130  °C  slowly  and  then  kept  at
this  temperature  for  30  min  till  the  precursor  was  fully  dis-
solved.  Then,  a  mixed  solvent  containing  anhydrous  SnCl4
and  dodecanethiol  (DDT)  was  injected  into  the  system,  and
the reaction system was continuously stirred for 30 min to real-
ize  the  full  dissolving  of  precursors.  Subsequently,  the  sys-
tem  started  to  heat  up  with  the  reaction  temperature  of
240 °C. After reaching the target reaction temperature, the sys-
tem was kept for 120 min. Finally, after the reaction was over,
the  system  was  naturally  cooled  to  room  temperature  under
the  protection  of  nitrogen  after  the  removal  of  the  heating
source.  Post-treatment  of  the  reaction  product  was  as  fol-
lows:  the  as-obtained  CIZS  NCs  were  precipitated  through
the addition of dichloromethane and ethanol by a centrifuge.
The  above  procedure  was  repeated  four  times  for  purifica-
tion  and  then  the  precipitate  was  collected.  At  last,  the
sample  was  dissolved  in  dichloromethane  to  obtain  a  liquid
sample,  and  then  it  was  treated  with  a  freeze  dryer  for  24  h
to obtain a solid powder. 

2.2.  Photocatalytic hydrogen reaction
 

2.2.1.    Pretreatment of CZTS nanocrystals
The nanocrystal solution was dropped to the 3-mercaptop-

ropionic  acid  solution  (3%),  and  then  it  was  kept  stirring  for
10  h  in  dark  for  transferring  the  samples  from  the  oil  phase

to  the  aqueous  phase.  The  mixture  was  centrifuged  at  high
speed,  and  then  the  as-obtained  samples  were  dissolved  in
ethanol.  After  that,  methanol  was  added  to  precipitate  the
samples  and  the  solution  was  centrifuged  again.  The  above
process was repeated 5 times. Then the precipitation was dis-
solved in water and centrifuged, which was repeated 3 times.
Finally,  the  precipitation  was  dissolved  in  deionized  water
and lyophilized for 24 h to obtain the powder. 

2.2.2.    Photocatalytic test
A  photocatalytic  hydrogen  reaction  was  conducted  in

glassware  from  Perfectlight  Inc  and  the  hydrogen  measure-
ments  were  carried  out  on  a  Shimadzu  GC2014  under  PM
100D  xenon  lamp  of  500  W.  The  cavitation  sacrificial  agent
(0.3 M Na2S∙9H2O and 0.3 M Na2SO3) was added to 100 mL de-
ionized  water  and  it  was  stirred  for  20  min.  Next,  20  mg  of
the  powder  was  ultrasonically  dissolved  in  this  solution.  All
air was exhausted to ensure that the entire photocatalytic sys-
tem was in vacuum. The temperature of the system was kept
at  5  ±  0.1  °C  by  circulating  cooling  water.  A  500  W  xenon
lamp (PM 100D) was used to simulate the sunlight. When the
xenon lamp was turned on to illuminate the system, the tim-
ing was started. The photocatalytic hydrogen evolution contin-
ued  for  4  h.  The  hydrogen  production  was  collected  every
0.5  h  automatically,  and  it  was  measured  by  gas  chromato-
graphy (Shimadzu GC2014). 

2.3.  Characterization

X-ray  diffraction  (XRD)  patterns  were  recorded  on  a
Bruker D8X diffractometer using a Cu Kα radiation source (λ =
1.54056  Å).  Transmission  electron  microscopy  (TEM)  images
were  obtained  from  a  JEM-1400  transmission  electron  micro-
scope  with  a  voltage  of  80  kV.  High-resolution  TEM  (HRTEM)
images and selected area electron diffraction (SAED) were re-
corded on a  JEM-2010.  Scanning electron microscopy-energy
dispersive  X-ray  spectroscopy  (SEM-EDS)  was  recorded  on  a
Hitachi  S4800  with  a  voltage  of  15  kV.  X-ray  photoelectron
spectroscopy  (XPS)  was  recorded  on  a  Thermo  ESCALAB
250Xi  spectrometer  with  a  300  W  Al  Kα radiation  source.  All
binding  energies  for  different  elements  were  calibrated  to
the  C  1s  line  at  284.8  eV.  The  XPS  results  were  analyzed  by

 

 

Fig. 1. (Color online) (a) Schematic illustration of one-pot synthesis of CZTS nanocrystals. XRD patterns of CZTS nanocrystals obtained at (b) low
Cu  content,  (c)  high  Cu  content.  (d)  TEM  images  of  hexagonal  wurtzite  CZTS.  The  inset  is  an  enlarged  view.  (e)  SAED  pattern  of  hexagonal
wurtzite CZTS. (f) HRTEM images of hexagonal wurtzite CZTS nanocrystals in (002) crystal plane and (g) in (101) crystal plane.
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XPSPEAK41  software.  UV–Vis  diffuse  reflectance  spectrosco-
py  was  recorded  on  a  Varian  5000  spectrophotometer  with
BaSO4 as  a  reference.  Ultraviolet  photoemission  spectrosco-
py (UPS) was recorded on an Axis Ultra DLD spectrometer. Pho-
tocurrent  and  electrochemical  impedance  spectroscopy  (EIS)
was recorded on a CHI 660D electrochemical workstation. 

3.  Results and discussion
 

3.1.  Crystal structure with regulated Cu content

The  Cu  content  in  the  synthesis  process  is  important  for
controlling  its  crystal  phase,  thus  improving  its  photoelectric
performance.  Kesterite  and  hexagonal  wurtzite  phases  are
the  most  common  phases  of  CZTS  nanocrystals.  The  stability
of the phase is closely related to its component content, espe-
cially  Cu  content.  Researchers  usually  adjusted  the  composi-
tion of nanocrystals by changing the type or concentration of
precursors,  which  would  influence  their  crystal  structure  and
morphology  as  well[15].  To  find  the  appropriate  Cu  content
for  the  synthesis  of  CZTS  nanocrystals,  the  dosage  of
Zn(acac)2 (0.5 mmol), anhydrous SnCl4 (0.5 mmol), DDT (3 mL),
and  OM  (10  mL)  was  kept  unchanged,  while  the  dosage  of
Cu(acac)2 was changed from 0.1 to 1.5 mmol. For the conveni-
ence of description, the CZTS nanocrystal with a Cu(acac)2 pre-
cursor  of  0.1  mmol  is  named  Cu0.1,  and  so  forth. Figs.  1(b)
and 1(c)  shows  the  XRD  patterns  of  the  samples  with  differ-
ent Cu content, which can be used for studying the effects of
Cu content changes on the crystal structure. As shown in Fig.
1(b),  when the  precursor  of  Cu content  is  low,  the  Cu0.1  and
Cu0.2 samples are SnS phases. But when the Cu content is in-
creased  to  0.3  mmol,  the  phase  transformed  into  a  mixed
phase of kesterite and hexagonal wurtzite.  It  can be deduced
that  when  the  Cu  precursor  dosage  is  0.3  mmol,  it  reaches
the  minimum  concentration  threshold  for  the  formation  of
hexagonal  wurtzite  phase  CZTS  nanocrystals.  In  this  process,
Cu  ions  enter  the  inside  of  the  nanocrystals,  fully  combined
with  S  ions  to  form copper-based chalcogenide nanocrystals,
and then Sn ions enter  to assist  the incorporation of  Zn ions,
finally generating quaternary CZTS nanocrystals.

Fig.  1(c) shows the XRD pattern of the samples with high
Cu content, with Cu0.5, Cu1.0, Cu1.2, and Cu1.5 samples. Com-
paring  with  the  standard  powder  diffraction  file,  it  is  found
that  the  Cu0.5  and  Cu1.0  samples  are  hexagonal  wurtzite
CZTS  nanocrystals  without  other  impurity  phases.  As  the  Cu
content continues to increase, the diffraction peaks of the kes-
terite  gradually  increase.  When  the  Cu  content  reaches  1.5
mmol,  the  crystal  phase  changes  from  the  main  phase  of
hexagonal  wurtzite  to  the  main  kesterite  phase.  The  Cu1.5
sample  has  mixed  phases  of  kesterite  and  wurtzite,  in  which
the  kesterite  phase  is  the  main  phase.  At  the  same  time,  its
XRD diffraction peaks are regular and flat,  which is caused by
the  gradual  increase  in  the  size  of  the  crystal  grains  and  the
gradual  completeness  of  the  kesterite  phase  as  the  Cu  con-
tent increases.

The TEM image of the hexagonal wurtzite CZTS nanocrys-
tals  is  shown in Fig.  1(d).  The hexagonal  wurtzite  CZTS nano-
crystals  were  synthesized  in  an  OM  ligand  solvent  with  good
monodispersity  and  uniform  size.  From  the  enlarged  view  of
TEM, it can be seen that most of the particles are hat-shaped.
The  average  length  of  the  hat-shaped  nanocrystals  is  10.9  ±
1.6 nm and the average width is  8.2 ± 1.2 nm. The SAED pat-

tern in Fig.  1(e)  shows that  the characteristic  diffraction rings
corresponding  to  the  (002)  and  (110)  are  brighter,  indicating
that  these  two  crystal  planes  are  the  dominant  growth  crys-
tal  planes  for  nanocrystals.  The  HRTEM  image  in Fig.  1(f)
shows the lattice stripes of hexagonal wurtzite phase nanocrys-
tals  with  a  lattice  space  of  3.13  Å,  which  corresponds  to  the
(002) crystal plane of the hexagonal wurtzite phase CZTS nano-
crystal. Fig.  1(g)  shows  the  HRTEM  images  of  the  lower  bot-
tom surfaces of the hexagonal wurtzite phase CZTS nanocrys-
tals  with a  lattice space of  2.93 Å,  corresponding to the (101)
crystal  plane.  It  is  found that the upper and lower surfaces of
the  synthesized  hexagonal  wurtzite  CZTS  nanocrystals  are
mainly exposed (101) crystal  planes.  It  can be concluded that
the (101)  crystal  plane is  the most  exposed on the horizontal
plane,  while  the  (002)  crystal  plane  is  the  most  exposed  on
the  vertical  plane,  which  are  the  dominant  growth  direction
of  the  synthesized  hexagonal  wurtzite  phase  CZTS  nanocrys-
tals.  It  can  be  speculated  that  the  OM  effectively  regulates
the  morphology  of  the  nanocrystals  and  inhibits  the  growth
in  other  directions.  With  partial  growth,  a  hat  shape  was  fi-
nally formed.

Through  the  analysis  of  the  XRD  and  TEM  results,  it  can
be  found  that  pure  hexagonal  wurtzite  CZTS  nanocrystals
only  exist  within  appropriate  Cu  content.  When  the  Cu  con-
tent is low, it is hard to synthesize CZTS nanocrystals, and the
as-obtained  samples  coexist  with  irregular  morphology  and
larger  size.  When  the  Cu  component  is  too  high,  multiple
phases  coexist  in  the  nanocrystals,  and  the  particles  are  also
easier  to agglomerate.  Therefore,  when the Cu content is  ap-
propriate, that is, when the dosage of Cu is 1.0 mmol in our ex-
periment,  the  nanocrystals  are  pure  hexagonal  wurtzite
phase  CZTS  nanocrystals  with  good  dispersity.  And  the  mor-
phology is regular hat-shaped. 

3.2.  Composition of hexagonal wurtzite CZTS

nanocrystals

In  order  to  further  confirm  the  element  composition  ra-
tio and valence state of hexagonal wurtzite phase CZTS nano-
crystals, XPS, and SEM-EDS techniques were used for analysis.
The  SEM-EDS  element  distribution  of  the  hexagonal  wurtzite
phase  CZTS nanocrystals  is  shown in Fig.  2(a),  where  the  ele-
ments  of  Cu,  Zn,  and  Sn  are  evenly  distributed  on  the  sur-
face of the nanocrystals. The Cu, Zn, Sn, and S atomic percent-
ages  of  the  CZTS  nanocrystals  with  different  Cu  content  are
shown  in Fig.  2(b).  For  the  Cu1.0  sample,  the  Cu,  Zn,  Sn,  and
S  atomic  percentages  are  26.90%,  10.20%,  15.08%,  and
47.04%,  respectively. Figs.  2(c)–2(f)  show the XPS spectra  res-
ults  of  the hexagonal  wurtzite structure CZTS. Fig.  2(c)  shows
the  2p  peak  of  Cu,  which  correlated  to  Cu(I). Fig.  2(d)  shows
the 2p peak of the Zn element,  which correlated to Zn2+. Fig.
2(e)  shows  the  3d  peak  of  the  Sn  element,  which  correlated
to Sn4+. Fig. 2(f) shows 2p characteristic peaks of S. After peak
fitting,  it  is  found  that  S  in  CZTS  nanocrystals  has  two  states,
corresponding  to  the  sulfur  in  the  lattice  of  the  nanocrystals
and the ligand thiol on the surface[23, 24]. 

3.3.  Optical properties and energy level structure

The optical properties and energy level structure of CZTS
nanocrystals  prepared  with  different  Cu  dosages  were  ex-
plored. Typically, samples Cu0.2, Cu1.0, and Cu1.5 were selec-
ted  as  the  research  objects.  The  absorption  spectra  of  CZTS
nanocrystals were obtained by converting solid diffuse reflect-
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ance  spectra,  which  were  shown  in Fig.  3(a).  The  CZTS  nano-
crystals with three different Cu content have a similar absorp-
tion  range  with  different  intensity.  When  the  Cu  dosage  is
low  (Cu0.2),  the  light  absorption  intensity  is  the  weakest  in
the wavelength range of 350–750 nm; when the Cu dosage is
increased,  the  light  absorption intensity  increases.  Compared
to  Cu1.5,  the  light  absorption  intensity  of  Cu1.0  is  higher.
When  the  dosage  of  Cu  reaches  1.0  mmol,  the  light  absorp-
tion intensity of nanocrystals is the highest. Therefore, the ap-
propriate Cu dosage has a key effect on the absorption intens-
ity  of  the  nanocrystal  in  the  wavelength  range  of  350–750

nm.  The  Tauc  formula  was  used  to  convert  the  absorption
spectrum  data  into  a  Tauc  plot  curve,  and  the  optical  band
gaps  of  CZTS  nanocrystals  prepared  with  different  Cu
dosages  were  calculated.  As  shown  in Fig.  3(b),  the  optical
band  gap  of  Cu0.2,  Cu1.0,  and  Cu1.5  is  2.04,  1.74,  and  1.91
eV,  respectively.  The  results  show  that  the  band  gap  of  CZTS
nanocrystals  firstly  becomes  smaller,  and  then  becomes  lar-
ger  with  the  gradual  increase  of  Cu  content.  Nanocrystals
with  a  smaller  band  gap  have  a  higher  utilization  rate  of  vis-
ible light.

Furthermore,  the  UPS  energy  spectrum  test  was  per-

 

 

Fig. 2. (Color online) (a) SEM-EDS element distribution diagram of hexagonal wurtzite CZTS nanocrystals. (b) The cation percentages of CTZS nano-
crystals obtained from EDS results. XPS signals of (c) Cu, (d) Sn, (e) Zn, and (f) S elements in hexagonal wurtzite CZTS nanocrystals.
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Fig. 3. (Color online) (a) Diffuse reflectance spectra and (b) the plots of (αhv)2 versus the photon energy of CZTS nanocrystals with different Cu con-
tent. UPS spectra of (c) high-binding energy secondary-electron cutoff and (d) valence-band edge regions of hexagonal wurtzite CZTS nanocrys-
tals. (e) Energy level structure diagram of hexagonal wurtzite CZTS nanocrystals.
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formed  on  the  Cu1.0  sample  to  determine  the  energy  level
structure  of  the  hexagonal  wurtzite  CZTS  nanocrystals
(Figs.  3(c)  and 3(d)).  The  incident  photon  energy  is  21.22  eV,
the  secondary  electron  cut-off  (Ecut-off)  is  17.68  eV  (shown  in
Fig. 3(c)), and the onset energy (Eonset) is 1.28 eV versus the va-
cuum  level  (shown  in Fig.  3(d)).  Based  on  the  equation  of
valence  band  maximum  (VBM)  =  21.22  −  (Ecut-off − Eonset),  the
VBM position of CZTS is calculated to be 4.82 eV below the va-
cuum  level.  The  conduction  band  minimum  (CBM)  level  can
be  determined  by  the  optical  band  gaps  and  the  VBM  level.
The  optical  band  gap  of  Cu1.0  is  1.74  eV,  which  is  calculated
from the absorption results. Therefore, the CBM is 3.08 eV be-
low the vacuum level. The potentials for the reduction and ox-
idation reactions of water are –4.44 and –5.67 eV versus the va-
cuum level (or −0.41 V and 0.82 V vs. NHE at pH 7 in aqueous
solution),  respectively[25−27].  The  energy  level  information  of
hexagonal  wurtzite  CZTS  nanocrystals  (Cu1.0)  is  summarized
in Table 1. The CBM of the hexagonal wurtzite CZTS nanocrys-
tals  is  higher  than  the  reduction  potential  of  water,  so  the
hexagonal  wurtzite  phase  CZTS  nanocrystals  can  be  used  for
the photocatalytic decomposition of water to produce hydro-
gen (Fig. 3(e)). 

3.4.  Photocatalytic hydrogen evolution performance

Fig.  4 shows the photocatalytic  performance of  CZTS na-
nocrystals  with different Cu content. Fig.  4(a)  shows the pho-
toelectric  response  test  results  with  a  constant  voltage  of
−0.6  V  under  a  xenon  light  source  with  a  power  of  100
mW/cm2. Fig.  4(a)  depicts  the  photoelectric  response  intens-

ity  of  nanocrystals  with  different  Cu  contents  under  four
cycles  with  the  light  on/off.  We  found  that  the  Cu0.2  sample
had the weakest photocurrent, followed by the Cu1.5 sample,
and the Cu 1.0 sample performs best. The highest current dens-
ity of Cu1.0 is about 0.5 μA/cm2. After stabilization, the photo-
current of  Cu1.0 is  about twice the value of  Cu1.5.  This  result
proves that hexagonal wurtzite CZTS nanocrystals with appro-
priate Cu content can promote the separation of photo-gener-
ated  electron–hole  pairs,  and  thus  shows  higher  photoelec-
tric  responsivity.  To  further  investigate  the  carrier  mobility  of
CZTS  with  different  Cu  content,  electrochemical  impedance
spectroscopy  (EIS)  tests  were  performed  (Fig.  4(b)).  Compar-
ing  the  impedance  maps  of  the  three  CZTS  nanocrystals,  it
can  be  found  that  the  semicircular  ring  diameter  of  imped-
ance  in  Cu0.2  and  Cu1.5  nanocrystals  is  larger,  while  that  of
Cu1.0 nanocrystals  is  smaller.  This  result  shows that the CZTS
nanocrystals with appropriate Cu content have lower electric-
al resistance, which is beneficial for the effective transfer of car-
riers. Therefore, Cu1.0 has better photoelectric responsivity.

The  results  for  photocatalytic  hydrogen  evolution  are
shown in Figs.  4(c)  and 4(d). Fig.  4(c)  shows the results of  the
hydrogen production of CZTS nanocrystals prepared with dif-
ferent  Cu  content  over  time.  The  amount  of  hydrogen  pro-
duced by Cu1.0 is the highest in our experiment. Fig. 4(d) de-
picts the corresponding hydrogen production rate. The hydro-
gen  production  rate  of  Cu1.0  sample  is  the  highest,  com-
pared  with  Cu0.2  and  Cu1.5.  But  there  is  little  difference
between  the  other  two  values.  The  calculated  results  show
that  the  Cu1.0  has  the  highest  hydrogen  production  rate,
which  is  825.6 μmol/(g·h).  This  rate  is  2.6  times  that  of  Cu0.2
and 1.5 times that of  Cu1.5.  The hydrogen production rate of
CZTS  nanocrystals  with  a  Cu  dosage  of  0.2  mmol  is  the  low-
est. The test result further confirms that too much or too little
Cu element content of  the nanocrystals  will  weaken the light
absorption  capacity  of  the  CZTS  nanocrystals,  which  leads  to

 

 

Fig. 4. (Color online) (a) Photocurrent of CZTS nanocrystals with different Cu content. (b) Impedance spectra of CZTS nanocrystals with different
Cu content. (c) Photocatalytic hydrogen evolution for hydrogen amount variation with time. (d) Photocatalytic hydrogen production rates.

Table  1.   Summary of  the energy level  information of  wurtzite  CZTS
nanocrystals.

Sample Ecut-off
(eV)

Eonset
(eV)

VBM
(eV)

Band gap
(eV)

CBM
(eV)

Wurtzite
CZTS 17.68 1.28 4.82 1.74 3.08
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lower  photocatalytic  hydrogen  amount.  In  this  research,  the
light absorption capacity of Cu1.0 is the strongest, which cor-
responds to the best photocatalytic performances. 

4.  Summary

In  conclusion,  hexagonal  wurtzite  CZTS  nanocrystals
have been developed by regulating the Cu content via a one-
pot synthesis, which show great potential in photocatalytic hy-
drogen evolution. In our experimental system, the optimal Cu
dosage  is  1.0  mmol  and  it  helps  to  form  a  pure  hexagonal
wurtzite  structure  with  the  best  photocatalytic  performance.
When  the  Cu  content  is  too  low,  the  nanocrystals  are  mainly
SnS,  which  has  poor  photocatalytic  hydrogen  evolution  per-
formance.  When the Cu content  is  too high,  the nanocrystals
are  the  mixed  phase  of  kesterite  and  hexagonal  wurtzite,  or
kesterite  with  poor  photocatalytic  performance.  Hexagonal
wurtzite  CZTS  nanocrystals  show  higher  photoelectric  re-
sponse  and  lower  electrochemical  impedance  than  other
samples,  exhibiting  the  best  hydrogen  production  rate  of
825.6  μmol/(g·h).  This  work  may  provide  a  great  foundation
for  further  optimization  of  cadmium-free  multinary  copper-
based chalcogenide photocatalysis. 
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