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ABSTRACT: The photo-corrosion of sulfide quantum dots (QDs)
always  limits  the  applications  in  photoelectrochemical  (PEC)
cells as photo-sensitizers. Herein, Zn-doped CuFeS2 (ZCIS) QDs
were synthesized to sensitize TiO2/F-doped tin oxide (FTO) glass
photoanode.  After  Zn  introduction,  the  highly  chemically  active
S2

2− in CuFeS2 (CIS) QDs disappears, and the average grain size
of  Zn:CuFeS2  reduces,  enhancing  the  quantum  confinement
effect  that  accelerates  the  separation  and  transfer  of
photogenerated carriers. After coated with ZnS passivation layer,
ZnS/ZCIS/TiO2/FTO photoanode was employed for  H2 evolution
together with a Pt sheet electrode in aqueous electrolyte. The I-
type ZnS/ZCIS heterojunction not only suppresses back electron
transfer,  but  also  promotes  transfer  of  carriers  furtherly.  Zn
doping  and  ZnS  coating  inhibit  photo-corrosion  of  ZCIS  QDs,  and  improve  PEC  performance  and  stability  significantly.
Under one sun illumination (100 mW/cm2), ZnS/ZCIS/TiO2/FTO photoanode based cell has achieved accumulative H2 yield
of 642.17 μmol/cm2 for 4 h with average rate of 160.54 μmol/(cm2·h) at 0.6 V bias. After 16-h H2 evolution in 4-cycle test, the
average rate decreases by only 2.13%.
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 1    Introduction
The  rapid  consumption  of  global  fossil  fuels  and  the  severe
environmental problems have increased the demand for clean and
sustainable energy significantly. Hydrogen energy is regarded as an
ideal candidate contributing to the future sustainable energy system
due  to  its  high  energy  density  and  zero  carbon  emissions  [1].
Inorganic  semiconductor  quantum  dots  (QDs)  sensitized  solar
photoelectrochemical  (PEC)  cells  have  been  applied  for  hydrogen
evolution widely because of many advantages, such as high utilizing
efficiency on solar  spectrum, the low cost  of  materials  preparation
and  device  assembly,  direct  and  efficient  energy  conversion,  and
stable device structure without secondary pollution [2, 3].

However,  photo-corrosion  phenomenon  of  sulfide  QDs  as  the

popular solar sensitizer triggers the instability of devices that limits
their  applications  in  solar  PEC  cells  greatly  [4, 5].  The  photo-
corrosion of sulfide QDs refers to the process in which, under light
illumination,  the  photogenerated  carriers  undergo  chemical
reactions  with  the  surrounding  environment,  leading  to  the
destruction  of  the  chemical  composition  and  crystal  structure  of
QDs,  and  ultimately  resulting  in  the  loss  of  their  original  optical
and  electrical  properties  [6].  For  instance,  the  photo-generated
holes  (h+)  attack  S2− in  the  lattice  preferentially,  oxidizing  it  into
elemental S or SO4

2−, leading to sulfur loss or lattice collapse, rather
than  participating  in  the  designed  reaction,  for  example,  water-
splitting  oxidation  evolution  reaction  (OER)  [7].  To  address  this
challenge,  researchers  have  proposed  a  variety  of  strategies  to
suppress  the  photo-corrosion  of  sulfide  QDs  to  enhance  their
stability.  The  coating  or  passivation  on  QDs’ surface  is  one  of  the
most  direct  and  effective  methods.  Kwon  team  designed
AgInZnS/CdS/ZnS  core–shell–shell  structure  QDs  to  passivate
surface  defects  effectively  and  prevent  direct  contact  of  the
electrolyte  with  QDs  with  ZnS  layer  in  2.9  nm  thickness  through
atomic  layer  deposition  (ALD)  technology  [8].  Cao  group  loaded
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ZnFe2O4 nanoparticles  as  hole  extraction  and  protective  layer  on
CdS  QDs/ZnO  nanorods  in  core/shell  structure  to  provide  active
sites  for  accelerating  the  consumption  of  holes  in  water-spitting
OER  oxidation  rather  than  corrosion  of  QDs,  and  the  initial
photocurrent  density  remained  at  85.1%  after  1  h  of  illumination
[9].  An  internal  electric  field  can  accelerate  charge  separation
through  constructing  heterojunction  structures  to  inhibit  photo-
corrosion. Hu group induced the crystallization of CdS QDs on the
surface  of  polyimide  to  form  a  direct  Z  type  charge  transfer
channel,  promoting  the  spatial  separation  of  photogenerated
carriers,  and  achieving  continuous  hydrogen  production  for  16  h
with  the  increasing  activity  [10].  The  photo-corrosion  can  be
inhibited  through  regulating  the  microstructure  or  control  the
electronic structure and defect chemistry of QDs. Luo prepared the
hollow spherical Zn0.8Cd0.2S QDs to reduce the exposure of surface-
active sites to sensitize the photoanode, and hydrogen yield decayed
14.5%  after  4  cycles  [11].  Nie  adjusted  the  stoichiometric  ratio  of
CuInSe2 and  doped  it  with  Zn2+ to  synthesize  high-quality
Zn:CuInSe2/ZnS  QDs  in  core–shell  structure,  exhibiting  stable
photoluminescence quantum yield (PLQY) of 62.7% at wavelength
of  810  nm,  which  was  attributed  to  the  cation  exchange  between
Zn2+ and Cu+ or In3+ to optimize the composition of QDs [12].

The I–III–VI CuFeS2 (CIS) in chalcopyrite structure as one of Pt-
and  Cd-free  QDs  have  attracted  much  attention  due  to  their
narrow  band  gap  (Eg,  about  1.0–1.5  eV),  high  light  absorption
coefficient,  abundant  crustal  reserves  of  constitutive  elements  with
low  nuclear  charge  number  (Z <  30),  and  tunable  band  structure
[13, 14].  Herein,  heavy-metal-free  Zn:CuFeS2 (ZCIS)  QDs  were
designed  through  Zn  doping  in  CuFeS2 QDs  to  optimize  the
composition for enhancing light absorption and especially, decrease
the  formation  of  S2

2− which  is  very  active  and  can  react  with  both
oxidants  and  reductants.  When  chalcopyrite  CuFeS2 serves  as  an
electrocatalyst,  the  generation  of  surface  S–S  bonded  species  (e.g.,
S2

2−)  is  well  established  as  one  of  the  critical  factors  triggering
stability  deterioration [15, 16].  In addition to its  intrinsic  chemical
evolution, this process is frequently accompanied by the disruption
of  metal  ion  valence  states  (e.g.,  Fe3+ reduction),  where  the
concomitant  charge transfer  impairs  the local  lattice  integrity  [17],
resulting in higher stability in PEC hydrogen evolution significantly.
The prepared Zn:CuFeS2 QDs in hot-injection process were loaded
onto  TiO2 nanorod  array  films  on  F-doped  tin  oxide  (FTO)  glass
substrate  and  then,  ZnS  QDs  as  the  passivation  layer  were
synthesized  via in-situ successive  ionic  layer  adsorption  and
reaction  (SILAR)  process  to  construct  ZnS/Zn:CuFeS2/TiO2/FTO
photoanode. Besides for decreasing the surface defects,  the coating
of  ZnS  forms  I-type  ZnS/Zn:CuFeS2 heterojunction  to  suppress
back  electron  transfer  in  photoanodes  for  improving  PEC
performance [18]. The substituting of Zn2+ ions in CuFeS2 QDs and
the  introducing  of  ZnS  passivation  layer  are  the  hierarchically-
regulated  and  synergistic  strategy  to  promote  the  stability  of
photoanodes  and  PEC  performance  of  cells.  Under  one-sun
illumination  (AM  1.5G,  100  mW/cm2)  at  bias  of  0.6  V,  hydrogen
yield  reached  642.16  μmol/cm2 within  4  h  with  highly  stable
photocurrent  density  of  ~  6.8  mA/cm2,  and  especially,  hydrogen
evolution rate maintained 91.48% after a cumulative 16-h hydrogen
evolution  cycle  test,  which  also  has  taken  the  first  place  in  heavy-
metal-free  QDs  sensitized  solar  PEC  cells  for  hydrogen  evolution
based on recent reports. The mechanism to improve the stability of
heavy-metal-free  Zn:CuFeS2 QDs  sensitized  solar  PEC  cells  for
hydrogen  evolution  was  investigated  systematically,  and  the  new

details were proposed and verified experimentally, which must offer
more  ideas  and experimental  basis  to  solve  the  problem of  sulfide
QDs’ photo corrosion in the PEC applications of solar cell devices.

 2    Experimental
The  details  of  CIS,  ZCIS  QDs,  and  photoanodes  preparation,  and
characterizations and measurements of cell samples are recorded in
the  Electronic  Supplementary  Material  (ESM).  The  whole
preparation  process  of  four  photoanodes  named  as  CIS/TiO2,
ZCIS/TiO2, ZnS/CIS/TiO2, and ZnS/ZCIS/TiO2 has been illustrated
in Fig.  1.  The  cell  samples  were  assembled  with  prepared
photoanodes and Pt sheet counter electrode in electrolyte of 0.5 M
Na2SO3/Na2SO4 (or Na2SO4) solution with effective photoanode area
1.0 cm2.

 3    Results and discussion

 3.1    Characterizations of QDs and photoanodes
CIS  and  ZCIS  QDs  have  been  characterized  through  electronic
microscopy, X-ray diffraction (XRD), Raman spectroscopy, and X-
ray photoelectron spectroscopy (XPS). As shown in Figs. 2(a)−2(c)
for  CIS  and Figs.  2(d)−2(f) for  ZCIS,  the  average  size  of  spherical
CIS  and  ZCIS  QDs  is  7.18  ±  0.2  and  5.82  ±  0.3  nm,  respectively.
This  significant  size  reduction  after  Zn  doping  is  primarily
attributed to the substitution of Cu+ ions (ionic radius ~ 0.77 Å) by
smaller Zn2+ ions (~ 0.74 Å) in the lattice, which induces a unit cell
contraction. This lattice distortion increases the surface energy and
alters the growth kinetics, leading to higher nucleation density and
lower final growth limit under the identical synthetic conditions. In
the  high-resolution  transmission  electron  microscopy  (HRTEM)
images (Figs.  2(b) and 2(e)),  it  can be observed that  both CIS and
ZCIS have clear lattice fringes with spacings of 0.304 and 0.305 nm
which  correspond  to  (112)  crystal  plane  of  chalcopyrite  CuFeS2

crystal,  respectively.  In  addition,  the  diffraction  rings  appeared  in
the  selected  area  electron  diffraction  (SAED)  patterns  of  CIS  and
ZCIS (Figs. 2(c) and 2(f)) are both labeled as (101), (211), and (213)
planes  of  chalcopyrite  CuFeS2,  further  confirming  that  the
incorporation  of  Zn  does  not  change  the  crystal  phase  with  good
crystallinity.

XRD patterns  (Fig.  3(a))  verify  the  crystalline  phase  of  CIS  and
ZCIS  QDs  which  both  are  consistent  with  chalcopyrite  CuFeS2

(PDF#37-0471).  Besides  characteristic  diffraction  peaks
corresponding  to  (112),  (220),  (204),  (312),  and  (116)  planes  of
CuFeS2 crystals,  a  splitting  peak  at  27.86°  near  to  (112)  peak  at
 

Figure 1    Flow chart of preparation of photoanodes.
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Figure 2    The characterization of two QDs. (a) TEM image, (b) HRTEM image, and (c) SAED pattern of CIS QDs. (d) TEM image, (e) HRTEM image, and (f) SAED
pattern of ZCIS QDs.

 

Figure 3    Defect characterizations of two QDs. (a) XRD patterns. Raman spectra of (b) CIS and (c) ZCIS QDs. (d) XPS survey spectra and high-resolution XPS spectra of
((e)–(g)) CIS and ((h)–(k)) ZCIS QDs.
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29.32°  comes from CuS (PDF#78-2121) impurity  in both CIS and
ZCIS. After Zn doping, all characteristic diffraction peaks of CuFeS2

shift  rightwards  a  little  (0.1°–0.2°),  and  detail  data  are  recorded  in
Table S1 in the ESM, which represents the contraction of unit cells
[19].  Since  the  electronegativity  of  Zn2+ is  larger  than  that  of  Cu+,
while  smaller  than  that  of  Fe3+,  it  is  deduced  that  Zn  replaces  Cu,
which  is  also  be  proved  with  relative  intensity  change  of  CuS
diffraction  peak  at  27.86°.  If  Zn  occupies  Cu site,  the  replaced  Cu
will react with S, leading to the intensity increase of diffraction peak
CuS.

Raman spectra  in Figs.  3(b) and 3(c) clearly  reveal  the  effect  of
Zn  doping  on  the  structure  of  QDs.  The  distinct  peak  at
476.51 cm−1 in CIS QDs corresponds to the characteristic stretching
vibration of S–S bond in S2

2−, verifying the existence of S2
2− defects in

CIS  QDs.  This  peak  completely  disappears  in  ZCIS  QDs  after  Zn
doping.  Meanwhile,  the  main  lattice  vibration  modes  show
systematic  blue-shift.  The  strongest  A1 mode  peak  shifts  from
291.18 to 291.27 cm−1, E mode peak from 325.96 to 328.83 cm−1 and
B2 mode peak from 366.14 to 366.62 cm−1. This overall blue-shift is
mainly  attributed  to  the  quantum  confinement  effect  induced  by
the reduced QD size (from 7.18 to 5.82 nm), which constrains the
bond  vibrations,  thereby  increasing  the  energy  required  for
vibration.

XPS  spectra  of  CIS  and  ZCIS  in Fig.  3(d) exhibit  characteristic
peaks of S, Fe, Cu, and Zn elements, and verify Zn incorporation. It
is determined that Zn occupies Cu site in ZCIS due to the obvious
decrease  of  Cu  atomic  percentage  through  comparing  elemental
atomic contents between and CIS and ZCIS that are listed in Table
S2  in  the  ESM.  By  comparing  the  high-resolution  XPS  spectra  of
CIS  (Figs.  3(e)−3(g))  and  those  of  ZCIS  (Figs.  3(h)−3(k)),  it  is
concluded  that  Zn  doping  does  not  change  the  crystal  phase
structure  and  Zn2+ substitutes  intrinsic  Cu+,  which  was  consistent
with the results of XRD, transmission electron microscopy (TEM),
HRTEM, and Raman. What should be emphasized is that increase
of  Fe2+ (comparing Fig.  3(f) with Fig.  3(j))  and  especially
disappearance  of  S2

2− (comparing Fig.  3(g) with Fig.  3(k))  after  Zn
doping.  This  conclusion  agrees  well  with  the  result  of  Raman
spectra. There are two kind of defects (Fe2+

Fe3+)− and (S2
2−

S2−)− in CIS.
Zn2+ substitutes intrinsic Cu+, forming positive defects (Zn2+

Cu+)+, and
therefore,  increase  of  (Fe2+

Fe3+)− and  disappearance  of  (S2
2−

S2−)− can

maintain  electrical  neutrality  of  ZCIS  [20].  Based  on  above-
mentioned photo-corrosion principle of sulfide QDs, disappearance
of  S2

2− is  helpful  to  improve  the  stability  of  sulfide  QDs  in  PEC
process due to the high chemical activity of S2

2− with both reducing
and oxidizing abilities.

CIS  or  ZCIS  QDs  were  deposited  on  TiO2 nanorod  arrays  on
FTO  glass,  and  then  ZnS  layer  was  coated  on  it  to  prepare
ZnS/CIS/TiO2 or  ZnS/ZCIS/TiO2 photoanode. Figure  4(a) shows
XRD  patterns  of  two  photoanodes,  and  besides  the  characteristic
diffraction  peaks  from  SnO2 (PDF#46-1088)  and  TiO2 crystals
(PDF#21-1276),  diffraction  peaks  corresponding  to  (112),  (220),
and (204) planes of chalcopyrite CuFeS2 (PDF#37-0471), and (200),
(222), and (400) planes of sphalerite ZnS (PDF#05-0566) appear for
both  two  photoanodes.  The  powder  samples  employed  for  TEM
and  HRTEM  images  of  ZnS/CIS/TiO2 (Figs.  4(b)−4(e))  and
ZnS/ZCIS/TiO2 (Figs.  4(f)−4(i))  photoanodes  were  scraped  from
the prepared photoanodes. CIS QDs and ZnS nanoparticles adhere
to single crystalline TiO2 rod, exhibiting lattice fringes with spacing
of  0.349,  0.304,  and  0.191  nm  corresponding  to  (101),  (112),  and
(220)  planes  of  TiO2,  CuFeS2,  and  ZnS  crystal,  respectively.  In
ZnS/ZCIS/TiO2,  ZCIS  QDs  and  ZnS  nanoparticles  also  adhere  to
single  crystalline  TiO2 rod,  identifying  lattice  fringes  with  spacings
of  0.189,  0.187,  and  0.163  nm  corresponding  to  (200),  (220),  and
(311)  planes  of  TiO2,  CuFeS2,  and  ZnS  crystal,  respectively.  The
cross-sectional scanning electron microscopy (SEM) images (Fig. S1
in  the  ESM)  reveal  that  the  ZnS  layer  deposited  via  the  SILAR
method  forms  a  conformal  nanoscale  coating  on  the  ZCIS/TiO2

photoanode  rather  than  continuous  thick  film.  Consequently,  it  is
challenging  to  visually  distinguish  the  ZnS  nanoparticles  from  the
underlying  ZCIS  QDs.  Therefore,  energy-dispersive  X-ray
spectroscopy  (EDS)  was  employed  to  perform  elemental  analysis
and verify the elemental composition. Figures S2 and S3 in the ESM
record  the  results  of  EDS  point  and  mapping  analysis  of
ZnS/CIS/TiO2 and  ZnS/ZCIS/TiO2,  respectively.  The  characteristic
peaks of Ti, O, Fe, S, Cu, and Zn elements are all displayed in EDS
spectra  clearly,  and  quantitative  analysis  of  elemental  contents  is
inaccurate due to the existence of Cu mesh [21]. O, Zn, Fe, Cu, and
S in ZnS/CIS/TiO2 and ZnS/ZCIS/TiO2 present highly uniform and
continuous  distribution,  and  however,  Ti  mapping  exhibits  rod
shape,  which is  consistent  with SEM images  of  TiO2 rod arrays  in

 

Figure 4    The characterization of two photoanodes. (a) XRD patterns. TEM and HRTEM images for ((b)–(e)) ZnS/CIS/TiO2 and ((f)–(i)) ZnS/ZCIS/TiO2 photoanodes.
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Fig. S4 in the ESM. This facilitates the deposition of QDs and rapid
transport of photogenerated carriers in PEC process.

Ultraviolet–visible  (UV–Vis)  spectra  and  corresponding  Tauc
plots of CIS and ZCIS QDs are shown in Figs. 5(a) and 5(b), while
those  of  TiO2 are  presented  in  Figs.  S5(a)  and  S5(b)  in  the  ESM.
Notably,  TiO2 exhibited  strong  absorption  only  in  the  ultraviolet
region [22], whereas CIS and ZCIS QDs significantly extended the
light absorption range into the visible region. Based on Eq. (S1) in
the  ESM,  the Eg of  CIS,  ZCIS,  and  TiO2 was  calculated  from  the
Tauc  plots  to  be  1.17,  1.41,  and  3.13  eV,  respectively.  It  is
noteworthy that Eg of ZCIS is larger than that of CIS, which can be
attributed to the Burstein–Moss effect [23]. The substitution of Cu+

by Zn2+ results in the shift the Fermi level into valence band (VB) of
ZCIS, leading to an increase of Eg. Density functional theory (DFT)
calculations  were  performed  to  examine  the  modifications  in  the
electronic  band structure  of  CuFeS2 induced by Zn doping and to
corroborate  the  experimentally  observed  increase  in Eg.  The
fundamental electronic structure of chalcopyrite CuFeS2 is depicted
in Fig. S6(a) in the ESM. Employing a unit cell composed of 4 Cu, 4
Fe, and 8 S atoms, and incorporating spin polarization effects of the
d-orbitals,  the  resulting  band  structure  and  density  of  states  (Figs.
S6(b)  and S6(c)  in  the  ESM) reveal  a  calculated direct  bandgap of
0.77 eV for CIS.  For ZCIS,  modeled using a unit  cell  containing 2
Cu, 2 Zn, 4 Fe, and 8 S atoms, the electronic structure is presented
in  Fig.  S6(d)  in  the  ESM.  The  corresponding  band  structure  and

density of states (Figs. S6(e) and S6(f) in the ESM) demonstrate an
increased bandgap of 0.98 eV. Although this observed trend aligns
well with optical measurement data, the integrated analysis of bulk
DFT  simulations  does  not  consider  quantum  confinement,
alongside  experimental  results,  confirming  that  Zn  doping
effectively  enlarges Eg of  CuFeS2.  This  bandgap  modulation  is
advantageous for applications necessitating precise band alignment,
including  photovoltaic  and  photocatalytic  technologies.  The
marginally  lower  bandgap  values  derived  from  DFT  relative  to
experimental findings are ascribed to quantum confinement effects.

The valence band maximum (VBM) positions of CIS and ZCIS
QDs  were  determined  through  ultraviolet  photoelectron
spectroscopy (UPS) measurements. Analysis of the UPS and high-
resolution UPS (HRUPS) spectra shown in Figs. 5(c)−5(e) revealed
the photoelectron cut-off energies (Ecut-off) of 16.98 and 17.06 eV for
CIS  and ZCIS  QDs,  respectively.  The  valence  band onset  energies
(Eonset),  derived  from  HRUPS  data  in Fig.  5(e),  were  measured  at
1.19  eV  for  CIS  and  1.22  eV  for  ZCIS.  Utilizing  Eq.  (S2)  in  the
ESM, the corresponding VBM positions were calculated as 0.58 and
0.53 V vs.  reversible  hydrogen electrode (RHE) for CIS and ZCIS,
respectively.  Combined  with  the  above-mentioned  bandgaps  from
UV–Vis  spectra,  the  conduction  band  minimum  (CBM)  levels
were subsequently determined to be −0.59 V for CIS and −0.88 V
for ZCIS. The flat-band potential (Pfb) of TiO2 was calculated from
the Mott–Schottky plot  of  Fig.  S5(c)  in the ESM. CBM of  TiO2 as

 

Figure 5    The energy level alignment and spectrum results of photoanodes. (a) UV–vis spectra. (b) Tauc plots. The survey UPS spectra of (c) CIS and (d) ZCIS QDs. (e)
High-resolution UPS spectra of CIS and ZCIS QDs. (f) The obtained band structure diagram of photoanodes. (g) UV–vis spectra. (h) Steady-state PL spectra and (i) time-
resolved PL decay curves of different photoanodes.
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an  n-type  semiconductor  is  typically  positioned  approximately
0.2 V more negative than Pfb [24, 25]. Therefore, CBM and VBM of
TiO2 is  determined  to  be −0.35  and  2.78  V  vs.  RHE,  respectively.
Band  alignment  data  for  ZnS  can  be  sourced  from  prior  studies,
which  is  utilized  in  the  present  work  involving  the in-situ SILAR
technique  for  the  deposition  of  the  ZnS  layer  [26].  Consequently,
the  energy  band  alignment  for  CIS  and  ZCIS  QDs  sensitized
photoanodes  was  collectively  illustrated  in Fig.  5(f).  Both  CIS  and
ZCIS QDs form type-II heterojunctions with TiO2, which facilitates
the  injection  of  photogenerated  electrons  into  conduction  band
(CB) of  TiO2.  Notably,  Zn doping induces an overall  upward shift
in  the  energy  band  structure,  thereby  significantly  enhancing  the
driving force for electron injection into TiO2. Furthermore, CBM of
ZCIS  (−0.88  V)  is  more  positive  than  that  of  ZnS  (−1.10  V),
effectively  inhibiting  back  electron  transfer  from  ZCIS  to  the  ZnS
layer and interfacial recombination. The transfer of holes from VB
of TiO2 (2.78 V vs. RHE) to that of ZCIS (0.53 V vs. RHE) proceeds
spontaneously.  However,  the  potential  barrier  exists  for  hole
transfer from VB of ZCIS (0.53 V vs.  RHE) to VB of ZnS (2.62 V
vs.  RHE).  To  overcome  this  barrier,  an  applied  bias  of  0.6  V  vs.
RHE  is  necessary,  serving  as  the  primary  driving  force  that
facilitates  the  transfer  of  holes  to  photoanode/electrolyte  interface,
thereby  enabling  the  oxidation  reaction.  In  addition,  given  the
discrepancy  between  the  potential  barrier  (~  1.7  eV)  and  applied
bias (0.6 V vs.  RHE) as well  as the nanoscale thickness of the ZnS
coating  shown  in  Fig.  S1  in  the  ESM,  it  is  posited  that  quantum
tunneling also contributes to hole transmission across the barrier in
addition to the applied bias.

After the passivation of ZnS layer, light absorption of composite
photoanodes  is  enhanced  in  the  visible–near-infrared  range  as
shown  in Fig.  5(g).  ZnS/ZCIS/TiO2 photoanode  shows  higher
absorption intensity compared to ZnS/CIS/TiO2 photoanode, which
is  attributed  to  narrow  bandgap  of  smaller  ZCIS  QDs  and  larger
number of light absorption active sites due to higher specific surface
area. As shown by the normalized photoluminescence (PL) spectra
in Fig.  5(h),  ZCIS/TiO2 exhibits  lower  fluorescence  intensity
compared to CIS/TiO2, which is attributed to the more negative CB
of  ZCIS,  thereby enhancing the  driving force  for  electron transfer,
and facilitating photogenerated electron–hole  separation in type-II
ZCIS/TiO2 heterojunction.  After  the  formation  of  another
heterojunction  ZCIS  or  CIS/ZnS,  the  fluorescence  intensity  is
further  reduced.  ZnS/ZCIS/TiO2 possesses  the  lowest  fluorescence
intensity, indicating the lowest carrier recombination efficiency. To
investigate  the  charge  carrier  dynamics  in  photoanodes,  the
transient  PL  decay  curves  based  on  different  photoanodes  were
recorded, as shown in Fig. 5(i). Through fitting the curves with the
tri-exponential function in Eq. (S3) in the ESM, the average carrier
lifetime  (τav)  and  the  goodness  of  fit  were  obtained  and  are
summarized  in  Table  S3  in  the  ESM.  Compared  to  CIS/TiO2

(179.58  ns), τav of  ZCIS/TiO2 extended  to  218.91  ns.  This
enhancement is attributed to Zn doping, which optimizes the band
alignment  and  reduces  the  interfacial  charge  transfer  barrier
between  QDs  and  TiO2.  Furthermore,  the  introduction  of  ZnS
passivation layer prolonged τav significantly,  reaching 459.59 ns for
ZnS/CIS/TiO2 and 615.94 ns for ZnS/ZCIS/TiO2. This pronounced
improvement  is  primarily  attributed  to  the  electron-blocking
function of the ZnS layer. The CBM of ZCIS (−0.88 V vs. RHE) is
positioned  more  positively  than  that  of  ZnS  (−1.10  V  vs.  RHE).
This  favorable  energy  offset  creates  an  energetic  barrier  that
effectively suppresses the back transfer of photo-generated electrons

from  ZCIS  to  the  ZnS/electrolyte  interface,  thereby  minimizing
interfacial  charge  recombination  and  leading  to  the  observed
extension  of  carrier  lifetime.  Integrating  these  findings  with
UV–visible  spectroscopy,  band  structure  analyses,  and  PL  spectral
data,  it  is  inferred  that  Zn  doping  not  only  enhances  light
absorption  but  also  effectively  inhibits  electron–hole
recombination,  both  of  which  are  critical  factors  for  the
enhancement of PEC performance.

 3.2    PEC performance for hydrogen evolution
Figure  6 evaluates  PEC  performance  of  different  photoanodes
systematically. As shown in Fig. 6(a), all PEC tests were conducted
in  standard  three-electrode  system  constituting  photoanodes,  Pt
plate  counter  electrode,  and Ag/AgCl reference electrode in 0.5  M
Na2SO4 aqueous  solution  electrolyte  under  one  sun  (AM  1.5G,
100  mW/cm2),  and  all  applied  potentials  were  converted  to  RHE
scale  with  Eq.  (S4)  in  the  ESM.  The  linear  sweep  voltammetry
(LSV)  curves  in  light  illumination (Fig.  6(b))  prove  that
ZnS/ZCIS/TiO2 based cell exhibits the largest photocurrent density,
caused from the largest  light  absorption and the smallest  fluoresce
intensity among four samples. With the increase of applied voltage,
photocurrent  densities  of  all  samples  increase,  which  implies  the
definite electrocatalytic ability of cells. LSV curves in the dark (Fig.
S7(a) in the ESM) show the current density variation expectedly. By
comparing  the  current  density  (0.61  mA/cm2)  in  the  dark  with
photocurrent  density  (10.08  mA/cm2)  in  the  light  both  of
ZnS/ZCIS/TiO2 based cell at 1.23 V (vs. RHE), it is confirmed that
the designed cell devices are suitable for solar PEC applications.

The applied bias photon-to-current efficiency (ABPE), calculated
with Eq. (S5) in the ESM in Fig. 6(c) also shows the highest ABPE
3.13% of ZnS/ZCIS/TiO2 photoanode, and in contrast 1.18% at the
same voltage in the dark (Fig. S7(b) in the ESM). Notably, multiple
ABPE  peaks  of  all  samples  are  supposed  from  the  coexistence  of
multiple  charge  transfer  pathways  within  composite  photoanodes,
which  further  validates  the  successful  heterostructure  construction
of  photoanodes.  According  to  ABPE  results  of  all  samples,  0.6  V
bias is adopted in the following PEC hydrogen evolution test based
on  the  efficient  utilization  on  electric  and  optical  energy.  Nyquist
plots (Fig. 6(d)) from electrochemical impedance spectra (EIS) were
employed  to  investigate  charge  transfer  at  photoanode/electrolyte
interface,  and  the  equivalent  circuit  was  inserted,  including  series
resistance  (Rs),  the  charge  transfer  resistance  (Rct),  counter
electrode/electrolyte  resistance  (Rc),  the  capacitance  (C),  and
constant  phase element (QCPE). Rct, Rs derived from fitting,  and the
goodness-of-fit  (R2)  are documented in Table S4 in the ESM, with
all R2 values  above  0.99,  confirming  excellent  fitting  reliability.
Specifically,  ZnS/ZCIS/TiO2 photoanode  presents  a  minimal Rct of
8.71 kΩ/cm2, reflecting the lowest barrier for photogenerated carrier
transport across the photoanode–electrolyte interface.

Carrier  transport  and  transfer  dynamics  were  analyzed
quantitively  through  calculating  bulk  separation  efficiency  (ηbulk)
and  surface  injection  efficiency  (ηsurface)  of  carriers  based  on  Eqs.
(S6)–(S9) in the ESM. ηbulk represents the efficiency of hole–electron
separation in the photoanode, while ηsurface the injection efficiency of
holes  that  reach  photoanode  surface  to  participate  in  reactions  in
electrolytes. Based on AM 1.5G standard solar spectrum (Fig. S8(a)
in  the  ESM),  light-harvesting  efficiency  (LHE,  Fig.  S8(b)  in  the
ESM),  and  photocurrent  density  flux  (Fig.  S8(c)  in  the  ESM),  the
absorbed  photon  flux  (Jabs,  Fig.  S8(d)  in  the  ESM)  curves  were
derived. Jabs for  CIS/TiO2,  ZCIS/TiO2,  ZnS/CIS/TiO2,  and
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ZnS/ZCIS/TiO2 photoanodes at different absorption edges are listed
in Table S5 in the ESM. Combined with LSV curves (Fig. S9 in the
ESM)  measured  in  0.5  M  Na2SO3/Na2SO4 electrolytes  in  the
presence of hole scavenger SO3

2−, ηbulk and ηsurface curves are shown in
Figs. 6(e) and 6(f). ZnS/ZCIS/TiO2 achieves exceptional ηbulk (8.18%)
and ηsurface (121.23%) at 1.23 V (vs. RHE), obviously surpassing those
of  ZnS/CIS/TiO2 (6.33%  and  96.03%),  ZCIS/TiO2 (6.95%  and
83.30%),  and  CIS/TiO2 (5.72%  and  79.23%).  The  transient  open
circuit potential (OCP) curves (Fig. 6(g)) were plotted to investigate
carrier  transport  behavior  in  photoanodes  at  the  existence  of
heterojunctions  [27, 28].  Usually,  larger  OCP  difference  (Voc)
between the light and the dark, stronger migration ability of carriers
in photoanodes. Voc of CIS/TiO2 and ZCIS/TiO2 is 0.15 and 0.21 V,
respectively,  which  is  attributed  to  easier  carrier  transfer  on
heterojunction  interface  after  Zn  doping.  After  ZnS  passivation
layer coating, Voc of ZnS/CIS/TiO2 and ZnS/ZCIS/TiO2 increases to
0.20 and 0.25 V, respectively, indicating that another heterojunction
introduction  accelerates  carrier  separation  and  transfer  furtherly.
The  OCP-dependent  carrier  lifetime  (τn)  can  be  evaluated  with
OCP  decay  curve  in  Eq.  (S10)  in  the  ESM  through  fitting  with
exponential  function  (Fig.  6(h))  [29, 30].  A  shorter τn generally
indicates  more  efficient  carrier  separation  and  charge  transfer  in
photoanodes. τn of  CIS/TiO2,  ZCIS/TiO2,  ZnS/CIS/TiO2,  and
ZnS/ZCIS/TiO2 decreases  as  3.39,  1.87,  1.51,  and  0.53  s  orderly,
indicating  after  Zn  doping  and  ZnS  passivation  layer  coating,

photoelectric conversion in ZnS/ZCIS/TiO2 photoanode is the most
efficient,  so  the  bias  has  the  smallest  influence  on  the  whole
photoelectric process driven by solar light within four samples. The
transient  photocurrent  density–time  (I–t)  curves  (Fig.  6(i))  under
one sun illumination at 0.6 V reveals that ZnS/ZCIS/TiO2 based cell
achieves the highest stable photocurrent density 6.8 ± 0.3 mA/cm2

among  four  samples,  which  is  consistent  with  the  above  results,
including the largest light absorption, ABPE, carrier separation and
injection  efficiency,  and  the  smallest  resistance  at
photoanode/electrolyte interface.

ZnS/ZCIS/TiO2 and ZnS/CIS/TiO2 based PEC cells are employed
for hydrogen evolution for 4 h under one sun illumination at 0.6 V
(vs.  RHE),  and  the  results  are  shown  in Fig.  7(a).  ZnS/ZCIS/TiO2

photoanode  demonstrated  higher  cumulative  hydrogen  yield  after
4  h,  642.17  μmol/cm2 with  average  rate  160.54  μmol/(cm2·h),
compared  to  502.57  μmol/cm2 and  125.64  μmol/(cm2·h)  of
ZnS/CIS/TiO2 photoanode.  All  detail  data are listed in Table S6 in
the  ESM.  As  shown  in Fig.  7(b) of I–t curves  within  4  h,  the
photocurrent  density  of  ZnS/CIS/TiO2 photoanode  gradually
decreased from about 10 mA/cm2 at the beginning to 7.78 mA/cm2

at the end, indicating significant degradation of PEC activity in spite
of  stable  hydrogen  evolution  rate  for  4  h,  while  the  photocurrent
density  of  ZnS/ZCIS/TiO2 kept  stable,  maintaining  at  10.89  ±
0.1 mA/cm2 with negligible decay after 4 h.

The cyclic  voltammetry (CV) curves  scanned in 8  cycles  within

 

Figure 6    (a) Schematic for PEC cell structure, (b) LSV and (c) ABPE curves under illumination, (d) EIS Nyquist plots, (e) ηbulk curves, (f) ηsurface curves, (g) transient OCP,
(h) potential-dependent carrier lifetime, and (i) transient I–t curves for different photoanodes in 0.5 M Na2SO4 aqueous solution.
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−0.5  to  1.5  V  (vs.  RHE)  shown  in Fig.  7(c) illustrated  highly
overlapping  feature  for  both  two  photoanodes,  but  as  shown  in
Table  S7  in  the  ESM,  the  effective  area  of  the  ZnS/ZCIS/TiO2

photoanode  decreased  by  only  1.67%,  compared  to  2.63%  of
ZnS/CIS/TiO2 after  8  cycles,  which  also  indicates  higher  PEC
stability  of  ZnS/ZCIS/TiO2 photoanode.  Moreover,  the  area
enclosed  by  CV  curve  of  ZnS/ZCIS/TiO2 was  significantly  larger
than  that  of  ZnS/CIS/TiO2,  reflecting  the  larger  electrochemical
surface area (ECSA). To further investigate the hydrogen evolution
stability  in  longer  period  of  two  devices,  16-h  hydrogen  evolution
test with 4 cycles are conducted for two devices. By comparing the
results  of Fig.  7(d),  it  is  found  that  H2 yield  of  ZnS/CIS/TiO2

photoanode  decreased  by  10.47%  after  16  h,  while  the  yield  of
ZnS/ZCIS/TiO2 photoanode  decrease  by  only  8.52%,  which
indicates ZnS/ZCIS/TiO2 photoanode demonstrates more excellent
cycling  durability  in  hydrogen  evolution  process.  By  comparing
UV–Vis  spectra  before  and  after  16-h  hydrogen  evolution  in
Fig.  7(e),  it  was  found  that  ZnS/ZCIS/TiO2 photoanode  retained
most  of  its  visible-light  absorption,  while  ZnS/CIS/TiO2 suffered
relatively  larger  decrease.  SEM  images  of  Fig.  S10  in  the  ESM  for
ZnS/CIS/TiO2 and  ZnS/ZCIS/TiO2 photoanodes  before  and  after
16-h hydrogen evolution reveal that the overall architecture of two
photoanodes  maintains  structural  integrity  with  negligible
morphological  alterations.  Finally,  in Fig.  7(f),  the  photos  of  two
photoanodes  before  and  after  16-h  hydrogen  evolution  are
compared  to  observe  macroscopic  change.  ZnS/ZCIS/TiO2

photoanode  maintains  its  overall  structural  integrity  with  no
obvious color  change after  16-h test,  indicating superior  resistance
to  photo-corrosion  and  extremely  strong  structural  stability
compared to ZnS/CIS/TiO2 photoanode.

 3.3    Mechanism of stability improvement
To  inhibit  photo-corrosion  of  sulfide  QDs  sensitizer  that  impairs
PEC  H2 yield  and  stability  of  solar  cells,  Zn  elements  were
introduced into CIS QDs to form ZCIS, occupying intrinsic Cu+ site

as  positive  defect  (Zn2+
Cu+)+ which  caused  the  disappearance  of

chemically  active  S2
2−,  as  shown  in Fig.  8(a).  S2

2− in  CIS  acts  as
negative defect (S2

2−
S2−)− and would be removed due to the existence

of positive defect (Zn2+
Cu+)+ after Zn doping. Meanwhile, Zn doping

leads to lattice contraction and size reduction of QDs, widening the
bandgap,  which  causes  the  enhance  of  so-called  the  quantum
confinement  effect  [31, 32],  as  shown Fig.  8(b).  The  increased
electric  driving  force  accelerates  the  separation  of  photogenerated
excitons and also inhibits electron–hole recombination in QDs due
to smaller  space.  The faster  exciton separation and carrier  transfer
outside QDs improve the photocurrent and also avoid the reaction
between h+ and S2−, i.e., photo corrosion of sulfides.

The  surface  defects  of  QDs  will  trap  the  carriers  to  impair  the
photocurrent  formation  and  therefore,  ZnS  passivation  layer  was
deposited  on  QDs-sensitized  photoanode  to  form  the  I-type
heterojunction  as  shown  in Fig.  8(c).  ZnS  layer  functions  as  an
electron  blocking  layer  to  suppress  back  electron  transfer  and
interfacial recombination [33], since CB of ZnS is higher than that
of  ZCIS,  and  ZnS  coating  reduces  the  surface  defect  for  higher
photocurrent.  Furthermore,  since  the  initially  synthesized  CIS  or
ZCIS QDs are capped with organic ligands [34, 35], the application
of  ZnS  coating  effectively  alters  the  surface  properties  of  the
photoanodes.  Specifically,  the  ZnS  layer  converts  the  hydrophobic
nature  of  CIS/TiO2 (contact  angle:  135.1°)  and ZCIS/TiO2 (134.5°)
photoanodes into the hydrophilic state, as evidenced by the reduced
contact angles of ZnS/CIS/TiO2 (49.5°) and ZnS/ZCIS/TiO2 (48.8°)
in  aqueous  Na2SO3/Na2SO4 electrolyte,  as  illustrated  in  Fig.  S11  in
the  ESM.  Therefore,  this  modification  in  surface  wettability  is
highly beneficial for PEC hydrogen evolution of the cell. Figure 8(d)
illustrates  the  work  principle  of  ZnS/ZCIS/TiO2 photoanode||
Na2SO3/Na2SO4 electrolyte||Pt  sheet  cell  under  illumination  at  bias
where  h+ oxidizes  SO3

2− to  SO4
2− on  ZnS/ZCIS/TiO2 photoanode,

while e− reduces H+ to produce H2,  as shown in the inserted front-
view and side-view photos of Pt sheet electrode in reacting process.
As  shown  in Fig.  8(e) of  photoanode  energy  band  alignment,

 

Figure 7    (a) H2 yield and average rate within 4 h, (b) I–t curves, (c) CV curves, (d) H2 yield curves, (e) UV–Vis spectra, and (f) the photo comparison before and after
16-h H2 evolution within 4 cycles for ZnS/CIS/TiO2 and ZnS/ZCIS/TiO2 photoanodes.
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photogenerated electrons in ZCIS QDs inject into CB of TiO2 and
then are collected by the FTO glass, transferring to Pt electrode via
the  external  circuit  where  they  participate  in  reduction  reaction
(2h+ +  2e− → H2).  Meanwhile,  photogenerated holes  in ZCIS inject
into  VB  of  ZnS  driven  by  the  bias  and  eventually  enrich  on  the
surface of ZnS/ZCIS/TiO2 photoanode where they oxidize the hole
scavenger  SO3

2− in  the  electrolyte  (SO3
2− +  2OH− +  2h+ →  SO4

2− +
H2O) and are consumed efficiently.

After  Zn  doping  and  ZnS  coating,  the  cell  constituting
ZnS/ZCIS/TiO2 photoanode  and  Pt  sheet  counter  electrode
achieved  hydrogen  yield  642.17  μmol/cm2 after  4  h  with  average
rate 160.54 μmol/(cm2·h), and the yield maintained 91.5% after 16 h
in 0.5 M Na2SO3/Na2SO4 electrolyte under one sun illumination at
0.6 V bias,  which is  compared with various sulfide QDs-sensitized
PEC cells  for  hydrogen production reported recently,  as  shown in
Table  1.  Although these  QDs contain  heavy  metals  (Pb  or  Cd)  or
noble  metal  Ag  that  are  reported  high  PEC  performance  as  the
traditional  QDs,  ZCIS  as  non-toxic  and  low-cost  QDs  sensitized
cells  exhibit  superior  hydrogen  production  performance  and
stability.  Its  excellent  hydrogen  production  performance  and
stability  indicate  the  great  application  potential  in  large-scale  and
sustainable development of future clean energy systems.

 4    Conclusions
The  quaternary  Zn-doped  CuFeS2 QDs  were  designed  and
synthesized with hot-injection method to sensitize the photoanode,
and  then  ZnS  was  employed  as  the  passivation  layer  on  the

 

Figure 8    (a) Schematic for H2 yield and stability improving mechanism caused from the disappearance of S2
2−. (b) Stronger quantum confinement effect. (c) ZnS layer

coating. (d) The work principle of ZnS/ZCIS/TiO2 based PEC cell for H2 evolution. (e) Energy band alignment and charge transfer in photoanode.
 

Table 1    The  comparison  of  PEC  performance  for  H2  evolution  of
ZnS/ZCIS/TiO2 photoanode based cell with other reports

QDs
photosensitizer

Photocurrent
density

(mA/cm2)

H2 evolution rate
(μmol/(cm2·h))

Stability of H2

yield Reference

AgIn5Se8 0.125 2.15 — [36]

CuCaS2 3.5 23 62% after 2 h [37]

CdS 2.41 24.74 94.1% after 5 h [38]
PbS 5.56 44.7 91.3% after 10 h [39]

CuInSe 10.7 50 83% after 4 h [40]
ZnCuInSe 10.5 52.9 — [41]

CuxAg1−xInS2 5.8 67.4 50% after 2.78 h [42]

CdS — 95.4 50% after 35 h [43]
Cd1−xZnxSe 13.5 140 99% after 10 h [44]

Zn:CuFeS2 10.89 160.54 91.5% after 16 h This work
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photoanode in solar PEC cell for H2 evolution. The introduction of
Zn ions eliminates S2

2− defects and causes lattice contraction, leading
to  smaller  grain  size,  and  enhancing  the  quantum  confinement
effect that accelerates the separation and transfer of photogenerated
carriers.  ZnS  passivation  layer  in  I-type  ZnS/ZCIS  heterojunction
not  only  suppresses  back  electron  transfer,  but  also  promotes  the
separation  and  transfer  of  carriers  furtherly.  Under  one  sun
illumination  (AM  1.5G,  100  mW/cm2),  ZnS/ZCIS/TiO2

photoanode  based  cell  has  achieved  accumulative  H2 yield
642.17  μmol/cm2 for  4  h  with  average  rate  160.54  μmol/(cm2·h)  at
0.6  V  bias.  After  16-h  H2 evolution  in  4-cycle  test,  the  average
decline  in  evolution  rate  per  cycle  was  merely  2.13%.  The
quaternary  Zn:CuFeS2 QDs  possess  higher  photochemical  stability
and  more  optimizing  energy  alignment  in  the  photoanode  for
photogenerated  carrier  separation,  transfer,  and  transport.  ZnS
passivation  layer  promotes  the  separation  and  transfer  of
photogenerated carriers furtherly at an appropriate bias 0.6 V. In a
word,  these  hierarchical  regulations  provide  a  way  of  improving
stable applications of sulfide QDs in solar PEC cells.

 Electronic  Supplementary  Material: Supplementary  material  (the
preparation  and  assembly  of  PEC  cells,  the  details  for
characterizations  and  measurements  and  DFT  calculations,  seven
tables,  eleven  figures,  and  all  used  equations)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908672.
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