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Z-Scheme Heterojunction of Hierarchical Cu2S/CdIn2S4
Hollow Cubes to Boost Photoelectrochemical Performance

Si Zhang, Jiahui Sun, and Huangxian Ju*

The exaltation of light-harvesting efficiency and the inhibition of fast charge
recombination are pivotal to the improvement of photoelectrochemical (PEC)
performance. Herein, a direct Z-scheme heterojunction is designed of
Cu2S/CdIn2S4 by in situ growth of CdIn2S4 nanosheets on the surface of
hollow CuS cubes and then annealing at 400 °C. The constructed Z-scheme
heterojunction is demonstrated with electron paramagnetic resonance and
redox couple (p-nitrophenol/p-aminophenol) measurements. Under
illumination, it shows the photocurrent 6 times larger than that of hollow
Cu2S cubes, and affords outstanding PEC performance over the known Cu2S
and CdIn2S4-based photocatalysts. X-ray photoelectron spectroscopy and
density functional theory results demonstrate a strong internal electric field
formed in Cu2S/CdIn2S4 Z-scheme heterojunction, which accelerates the
Z-scheme charge migration, thereby promoting electron–hole separation and
enhancing their utilization efficiency. Moreover, the hollow structure of Cu2S
is conducive to shortening the charge transport distance and improving
light-harvesting capability. In proof-of-concept PEC application, a PEC
detection method for miRNA-141 based on the sensitivity of
benzo-4-chloro-hexadienone to light absorption on Cu2S/CdIn2S4 modified
electrode is developed with good selectivity and a limit of detection of 32 aM.
This work provides a simple approach for designing photoactive materials
with highly efficient PEC performance.

1. Introduction

Photoelectrochemistry (PEC) involves photon-to-electricity con-
version, charge transfer, and electron exchange at the elec-
trode/solution interface. It generally undergoes the acceptance of
photon energy by the photoactive materials to generate electron–
hole pairs under light irradiation, subsequent migrating of
charge from the materials to the electrodes for electrical signal
output, and the caused oxidation-reduction reaction occurring
at the interface.[1–3] The photoelectric conversion efficiency is
a key parameter determining PEC performance. But it is often
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unsatisfactory with the inefficient uti-
lization of light and the rapid electron–
hole recombination, thereby hinder-
ing its application.[4,5] Hence, it is of
great significance to rational design and
precisely fabricate photoactive materi-
als to improve the PEC performance.

Recently, metal chalcogenide materials
have gained enormous attention in many
advanced applications including photocat-
alytic water splitting, photocatalytic H2 gen-
eration, and PEC sensing due to their large
compositional diversity and favorable visi-
ble light response.[6,7] Among these materi-
als, Cu2S has an adjustable narrow bandgap
(1.2–2.1 eV), strong light absorption, and
high conductivity, and has been proved to be
a promising photoactive material.[8,9] Nev-
ertheless, the pure Cu2S also suffers from
serious electron–hole recombination and
slow charge-transfer kinetic, which severely
limit the PEC activity of Cu2S. To overcome
these obstacles in improving photoelec-
tric conversion efficiency, several strategies
such as phase and morphology regulation,
doping, cocatalysts deposition, defect en-
gineering, and heterojunction constructing
have been developed.[10–13] Among these

strategies, the construction of heterojunction through coupling
various materials with staggered bandgaps has become an effec-
tive protocol.[14] Especially, the direct Z-scheme heterojunction
has attractive advantages in accelerating the electron–hole sepa-
ration and charge transfer, broadening the light absorption range,
and maintaining high redox capability.[15–17] Moreover, the inter-
nal electric field in the direct Z-scheme heterojunction, which is
formed by asymmetric charge distribution, has been proved as a
powerful driving force for triggering the separation of electrons
and holes and promoting them to migrate in opposite directions.

Up to now, the developed Cu2S-based heterojunctions mainly
are type II. These heterojunctions can improve the separation ef-
ficiency of electron–hole pairs but greatly reduce the redox activ-
ity at the interface.[18] Therefore, incorporating a semiconductor
and Cu2S to form direct Z-scheme heterojunction is a meaning-
ful and urgent need for further boosting the PEC performance
of Cu2S-based photoactive materials. In addition, morphology
and structure regulation is also a feasible route to improve the
PEC performance of photoactive materials. The hollow struc-
ture can shorten the travel path of the charge to the surface,
and enhance light absorption and utilization, thus has attracted
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Figure 1. a) Schematic illustration of the synthesis process of CS/CIS. TEM images of b) Cu2O cubes, c) Cu2O@CuS cubes, and d) CS/CIS. e) HR-TEM
image of CS/CIS. f) TEM image of hollow Cu2S cubes. g) XRD patterns of hollow Cu2S cubes, flower-like CdIn2S4, and CS/CIS.

numerous attention of researchers.[19] For example, the visible-
light-responsive Co9S8/ZnIn2S4 with hierarchical hollow tubular
structure and heterojunction has been prepared for enhancing
visible-light H2 evolution and reduction of aqueous CrVI.[20] In
view of the appropriate bandgap,[21,22] superior thermal and struc-
tural constancy and easy availability of CdIn2S4, a typical ternary
semiconductor material, this work in situ grows CdIn2S4 on the
surface of hollow CuS cubes and then transforms the CuS to
Cu2S with an annealing process at 400 °C to construct for the first
time a Z-scheme heterojunction of hierarchical Cu2S/CdIn2S4
hollow cubes (CS/CIS) for achieving high PEC performance. Due
to the well-matched staggered band alignment and work func-
tion difference between Cu2S and CdIn2S4, this Z-scheme het-
erojunction shows a strong internal electric field, which pro-
motes the separation of electron–hole pairs. Benefiting from the
hollow structure of Cu2S for enhancing charge transport and
light utilization efficiency, the photocurrent increases by ≈10
times compared to snowflake-like Cu2S. The Z-scheme hetero-
junction leads to a further increase of photocurrent by 6 times,
affording outstanding PEC performance over the known Cu2S
and CdIn2S4-based photocatalysts. In proof-of-concept applica-
tion of the excellent PEC performance, a PEC detection method
for miRNA-141, a biomarker for early diagnosis and biother-
apy of cancer,[23] is developed by drop-casting miRNA-141-related
precipitates on CS/CIS modified electrode to suppress the light
absorption. As the PEC immunoassay and aptasensor,[24] this
method shows the advantages of fast response time, simple in-
strumentation, effective separation of excitation light source, and
detection of current signal. This work provides a new avenue to
improve the PEC performance of photoactive materials via ratio-
nal design of Z-scheme heterojunction.

2. Results and Discussion

The hollow CuS cubes were first synthesized with home-made
Cu2O cubes as corrosion-prone templates by using Na2S for
sulfidation and Na2S2O3 for etching (Figure 1a). Subsequently,
the CdIn2S4 nanosheets were grown on the surface of hollow
CuS cubes via the hydrothermal method to obtain CuS/CdIn2S4,
which were finally annealed at 400 °C for 1 h in an argon at-
mosphere to trigger CuS decomposition for forming hierarchi-
cal Cu2S/CdIn2S4 hollow cubes (CS/CIS). The home-made Cu2O
presented a uniform solid cube shape with a smooth surface
(Figure 1b; Figure S1a, Supporting Information). Powder X-ray
diffraction (XRD) pattern confirmed the successful preparation
of Cu2O cubes (Figure S2, Supporting Information). After sulfi-
dation with Na2S, the Cu2O external shell on cubes was converted
into CuS to form Cu2O@CuS cubes,[25] which exhibited a slightly
rough surface (Figure 1c; Figure S1b, Supporting Information).
The etching of Cu2O@CuS cubes with Na2S2O3 led to the for-
mation of hollow cube structure (Figure S3a, Supporting Infor-
mation), which showed two XRD peaks attributed to hexagonal-
phase CuS (JCPDS No.78-0876) along with an impurity peak for
Cu7S4 (Figure S3b, Supporting Information),[25] proving a hol-
low CuS cube structure with a thickness of ≈90 nm (Figure 1d).
The CdIn2S4 film grown on hollow Cu2S cubes showed a thick-
ness of ≈140 nm and a surface structure similar to the flower-
like microsphere of CdIn2S4 prepared in the absence of hollow
CuS cubes and annealing process (Figure 1d; Figures S1c–S4,
Supporting Information). The high-resolution TEM (HR-TEM)
image of CS/CIS (Figure 1e) demonstrated a spacing of lat-
tice fringe with 0.313 nm, which was attributed to the (222)
plane of CdIn2S4 on hollow Cu2S cubes. To demonstrate the
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Figure 2. High-resolution XPS spectra of a) Cu 2p, b) Cd 3d, c) In 3d and
d) S 2p for hollow Cu2S cubes, flower-like CdIn2S4 and CS/CIS.

decomposition of CuS in CuS/CdIn2S4 to form CS/CIS via an
annealing process, the synthesized CuS cubes were directly an-
nealed at 400 °C for 1 h in an argon atmosphere, which also
produced a hollow structure (Figure 1f; Figure S1d, Supporting
Information). Interestingly, the sulfidation of Cu2O cubes with
Na2S, the etching of Cu2O@CuS cubes with Na2S2O3, and the
annealing treatment of hollow CuS cubes did not change the size
of the cubes with a side length of ≈1 μm. Moreover, the CS/CIS
showed uniform distribution of Cu, S, Cd, and In elements over
the cubes (Figure S5, Supporting Information), and the character-
istic diffraction peaks attributing to the tetragonal phase of Cu2S
(JCPDS No.72-1071) and the cubic phase of CdIn2S4 (JCPDS
No.27-0060) in the XRD pattern (Figure 1g).[25–27] Those results
demonstrated the successful preparation of CS/CIS and the tight
adherence between grown CdIn2S4 and hollow Cu2S cubes.

The X-ray photoelectron spectroscopy (XPS) was applied to
explore the chemical composition and chemical states of CS/CIS.
The XPS survey spectra confirmed the existence of Cu, Cd, In,
and S elements in CS/CIS (Figure S6, Supporting Information),
in according with the EDS results (Figure S5, Supporting Infor-
mation). The high-resolution Cu 2p spectrum of CS/CIS showed
two peaks at 952.7 and 932.8 eV, which were assigned to the
binding energies of Cu 2p1/2 and Cu 2p3/2 for Cu+, respectively
(Figure 2a). The Auger Cu LMM XPS spectrum also
demonstrated the presence of Cu+ (Figure S7, Supporting
Information).[9] Two characteristic peaks at 411.9 and 405.1 eV
in Cd 3d spectrum of CS/CIS corresponded to Cd 3d3/2 and Cd
3d5/2 (Figure 2b), verifying the Cd2+ states.[28] The peaks in In 3d
spectrum of CS/CIS located at 451.8 and 444.2 eV (Figure 2c),
matching well with the characteristic peaks of In 3d3/2 and In
3d5/2 for In3+, respectively.[29] Two peaks at 162.7 and 161.6 eV in
S 2p spectrum of CS/CIS were assigned to S 2p1/2 and S 2p3/2 for
S2−, respectively (Figure 2d).[30] Compared to the characteristic
peaks of hollow Cu2S cubes and flower-like CdIn2S4, all the
spectra of CS/CIS showed the shifts of element-binding energy,
which could directly reflect the changes of electron density due to
the tight adherence of CdIn2S4 on hollow Cu2S cubes. It is worth

noting that Cu+ showed a positive shift after forming CS/CIS,
while the adherence of CdIn2S4 led to negative shifts of both
Cd2+ and In3+, confirming the existence of vigorously interfacial
interaction between hollow Cu2S cubes and CdIn2S4 with the
electron migration from hollow Cu2S cubes to CdIn2S4.[31,32]

The optical properties and bandgaps of CS/CIS were investi-
gated with the UV–vis diffuse reflectance spectra (UV–vis DRS).
Hollow Cu2S cubes presented intense light absorption in 200–
800 nm (Figure 3a), suggesting its strong light-harvesting capa-
bility due to the narrow bandgap.[8,9] However, the light absorp-
tion of CdIn2S4 was limited in a region up to 530 nm. After cover-
ing CdIn2S4 on hollow Cu2S cubes, the light-harvesting capabil-
ity was enhanced, and the light absorption range was extended to
≈590 nm, which was attributed to the formation of heterojunc-
tion. The enhanced light absorption was beneficial to the separa-
tion of more electrons and holes, and thus the improvement of
the PEC activity of CS/CIS. The optical bandgap energy (Eg) of
hollow Cu2S cubes and CdIn2S4 could be calculated from Tauc
plots (Figure S8, Supporting Information) to be 1.59 and 2.42 eV,
respectively.[33–35]

The band positions of the hollow Cu2S cubes and CdIn2S4
were confirmed by Mott–Schottky (M–S) plot (Figure 3b,c).
Clearly, the flat band potentials (Efb) of Cu2S cubes and CdIn2S4
were determined to be 0.41 and −0.54 V versus NHE (normal hy-
drogen electrode), respectively, by extending the linear part of M–
S plots. The negative slope of M–S plot implied the p-type conduc-
tive property of Cu2S cubes, while the M–S plot of CdIn2S4 with
positive slope suggested an n-type semiconductor.[36] According
to the previous report,[37] the conduction band potential (ECB) of
n-type semiconductor was ≈0.2 V negative than the Efb, while
the valence band potential (EVB) of the p-type semiconductor was
≈0.2 V positive than the Efb. Thus the EVB of Cu2S cubes and
the ECB of CdIn2S4 were determined to be 0.61 and −0.74 V (vs
NHE), respectively. According to the equation of EVB = ECB + Eg,
the ECB of the Cu2S cubes and the EVB of CdIn2S4 were calcu-
lated as −0.98 and 1.68 V versus NHE, respectively. UV photo-
electron spectroscopy (UPS) was also carried out to determine
their electronic structural properties as well as EVB and ECB posi-
tions (Figure S9, Supporting Information).[38] Their band struc-
tures were in good accordance with those evaluated with M–S
plots, as listed in Table S1 (Supporting Information). The energy
level diagrams of hollow Cu2S cubes and CdIn2S4 could be shown
in Figure 3d, indicating their matched and staggered energy band
alignments, which was favorable to the construction of Z-scheme
heterojunction.

To better evaluate the charge separation properties of hollow
Cu2S cubes and CS/CIS, their steady-state photoluminescence
(PL) and time-resolved PL (TRPL) spectra were measured. Gener-
ally, the PL peak is generated from the recombination of electron–
hole, that is, lower intensity of PL peak indicates the efficient
charge separation. The hollow Cu2S cubes exhibited a promi-
nent emission peak (Figure 3e), implying the rapid electron–
hole recombination. The emission of CS/CIS was remarkably
quenched, but showed a prolonged lifetime (2.87 ns) compared
to 0.97 ns of hollow Cu2S cubes (Figure S10, Table S2, Supporting
Information), suggesting the greatly promoted charge separation
and transfer efficiency in CS/CIS.

To verify the advantages of a hollow structure, Cu2S parti-
cles were synthesized according to the previous report.[39] The

Small 2024, 2405712 © 2024 Wiley-VCH GmbH2405712 (3 of 8)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202405712 by H
uangxian Ju - N

anjing U
niversity , W

iley O
nline L

ibrary on [21/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 3. a) UV–vis DRS of hollow Cu2S cubes and flower-like CdIn2S4, and CS/CIS. b–d) M-S plots of Cu2S cubes and CdIn2S4, and their band structure
alignments. e) PL spectra of Cu2S cubes and CS/CIS. f) Transient photocurrent responses of hollow Cu2S cubes modified ITO and CS/CIS/ITO in PBS
(0.01 m, pH 7.0) containing 0.1 m NaCl at an applied potential of 0 V.

obtained Cu2S particles showed a snowflake-like structure and
the XRD pattern corresponding to the orthorhombic-phase of
Cu2S (JCPDS No.02-1294) (Figure S11a,b, Supporting Informa-
tion). Compared to the snowflake-like Cu2S, the hollow Cu2S
cubes modified electrode of indium tin oxides (ITO) showed
10 times larger photocurrent response (Figure S11c, Supporting
Information). This could be attributed to the enhanced light uti-
lization of the hollow structure by multiple light reflections inside
the hollow Cu2S cubes and the shortened charge transport dis-
tance, as shown in Figure S12 (Supporting Information), which
caused more electrons and holes to be generated and accelerated
charge transfer from Cu2S to electrode. After growing CdIn2S4
on hollow Cu2S cubes, the resulting CS/CIS/ITO showed 6 times
higher photocurrent than the pristine Cu2S cubes modified ITO
(Figure 3f), indicating the better charge separation and migra-
tion properties in CS/CIS/ITO, which was demonstrated by the
significantly increased incident photon-to-current conversion ef-
ficiency (IPCE) of CS/CIS/ITO under monochromatic light irra-
diation of 360–650 nm (Figure S13, Supporting Information).
The electrochemical impedance spectra (EIS) of the modified
ITOs further demonstrated the accelerated charge transfer from
CS/CIS to electrode (Figure S14, Supporting Information). More
importantly, the designed CS/CIS possessed the best PEC perfor-
mance compared to the reported Cu2S and CdIn2S4-base materi-
als (Table S3, Supporting Information). In addition, after contin-
uous irradiation for 1 h, the TEM image, XRD pattern and XPS
spectra of CS/CIS did not obviously change (Figure S15, Sup-
porting Information), indicating its good stability in morphology,
structure, and components.

To validate the interfacial charge transfer mechanism between
hollow Cu2S cubes and CdIn2S4 layer, electron paramagnetic res-
onance (EPR) experiments were performed to determine the sig-
nal intensity of superoxide radical (•O2

−) and hydroxyl (•OH) by
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin-trapping
reagent.[40,41] After DMPO was mixed with flower-like CdIn2S4 or
CS/CIS dispersion and irradiated under visible light for 2 min,
no significant signal of DMPO-•OH was observed (Figure 4a),
which could be attributed to the fact that their EVB values were too
negative to oxidize OH−/•OH (+1.99 V vs NHE).[42] On the con-
trary, the irradiated mixture of DMPO with flower-like CdIn2S4
showed weak DMPO-•O2

− signal, and stronger DMPO-•O2
− sig-

nal could be observed from the irradiated mixture of DMPO with
hollow Cu2S cubes (Figure 4b) owing to the more negative ECB
of Cu2S cubes than the reduction potential of O2/•O2

− (−0.33 V
vs NHE).[43] Notably, CS/CIS showed the strongest DMPO-•O2

−

signal, implying that the CS/CIS possessed a stronger reduc-
tion ability. In other words, more electrons were accumulated
on the ECB of hollow Cu2S cubes of CS/CIS, different from
type II heterojunction (Figure 4c), revealing that CS/CIS fol-
lowed the Z-scheme charge transfer pathway in PEC process, and
thus demonstrating the presence of Z-scheme heterojunction in
CS/CIS.

The redox couple of p-nitrophenol (NP)/p-aminophenol (AP)
was further used to support the Z-scheme charge transfer path-
way in CS/CIS.[44] In the presence of hollow Cu2S cubes and UV
light irradiation, NP was reduced to AP via the electron trans-
fer from the more negative CB of Cu2S to NP with the reduc-
tion potential of −0.77 V versus NHE, resulting in a decreased

Small 2024, 2405712 © 2024 Wiley-VCH GmbH2405712 (4 of 8)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202405712 by H
uangxian Ju - N

anjing U
niversity , W

iley O
nline L

ibrary on [21/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 4. a,b) DMPO spin-trapping EPR spectra of hollow Cu2S cubes, flower-like CdIn2S4 and CS/CIS in methanol for DMPO-•OH and in water for
DMPO-•O2

− under visible light irradiation (𝜆 ≥ 420 nm) for 2 min. c) Schematic illustration of charge transfer in Cu2S cubes, CdIn2S4, Z-scheme
heterojunction, and type II heterojunction.

absorbance (Figures S16 and S17, Supporting Information).
However, the presence of CdIn2S4 did not change the absorbance
intensity of NP, which could be attributed to the more positive
ECB of CdIn2S4 than the reduction potential of NP/AP. Obviously,
CS/CIS also resulted in decreased absorbance, demonstrating the
electron transfer. This unambiguously confirmed the direct Z-
scheme heterojunction charge transfer pathway in CS/CIS.

Density functional theory (DFT) calculation was used to in-
depth explore the interfacial charge transfer mechanism of
CS/CIS. The work function (Φ) of hollow Cu2S and CdIn2S4
was calculated with the electrostatic potential on the surfaces of
Cu2S (101) and CdIn2S4 (110) was 4.60 and 4.96 eV, respectively
(Figure 5a,b). The Fermi level (EF) of Cu2S and CdIn2S4 was cal-
culated to be 4.60 and 4.96 eV versus vacuum, respectively, which
were 0.16 and 0.47 eV versus NHE.[45] Thus, the EF of CdIn2S4
(110) was more positive than that of Cu2S (101) (Figure 5c). Theo-
retically, the contact of Cu2S (101) surface with CdIn2S4 (110) sur-
face could result in spontaneous electron migration from Cu2S
to CdIn2S4 through the interface until an EF equilibrium occurs.
Due to the redistribution of charge at the interface of Cu2S (101)
and CdIn2S4 (110), the interface near Cu2S (101) side became
more positive, leading to upward bending of interface band edges
due to the electron depletion for driving the electron transfer,
while the interface near CdIn2S4 (110) became more negative and
exhibited downward bending of interface band edge due to elec-
tron accumulation (Figure 5c). As a result, the uneven interfacial
charge distribution resulted in the formation of an internal elec-
tric field pointing from Cu2S to CdIn2S4, and thus generated a
driving force for the separation of electrons and holes, which was
consistent with the XPS results. Furthermore, the charge den-

sity difference between Cu2S and CdIn2S4 at the interface also
reflected the identical change of charge density (Figure 5d). Obvi-
ously, electron cloud density accumulates on S atoms of CdIn2S4,
and depletes on Cu atoms of Cu2S cubes.

In total, the charge transfer mechanism of CS/CIS under vis-
ible light irradiation could be elaborated in Figure 5c. The elec-
trons on the valence band (VB) of Cu2S and CdIn2S4 were first
excited to their conduction band (CB), and the holes were left
on the VB, respectively. Subsequently, the electrons on the CB of
CdIn2S4 were driven by the internal electric field and band edge
bending to migrate to the VB of Cu2S to recombine with the holes
in the interface. Thus, the electrons and holes were accumulated
on the CB of Cu2S and the VB of CdIn2S4, respectively, leading
to enhanced oxidation and reduction ability. The Z-scheme het-
erojunction of CS/CIS not only accelerated the charge separation
and transfer, but also retained the strong redox ability, thereby
effectively improved the PEC performance. Besides, the hollow
structure of Cu2S was more favorable to enhancing light absorp-
tion and shortening the distance for the charge transfer from the
interior to the surface (Figure S12, Supporting Information). All
these advantages of Z-scheme heterojunction of CS/CIS greatly
boost the PEC performance and are benefitting to the design of
sensitive PEC detection methods.

To verify the application of the boosted PEC performance, a
PEC detection method was developed with CS/CIS modified ITO
electrode by taking miRNA-141 as an analyte model. As shown in
Figure S18 (Supporting Information), after miRNA-141 was cap-
tured by magnetic bead-ssDNA (MB-ssDNA) to perform duplex
specific nuclease (DSN)-assisted reaction at 50 °C for 90 min,
which led to the release of output DNA from MB-ssDNA to
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Figure 5. a,b) Work functions of Cu2S and CdIn2S4. Insets: corresponding structural models. c) Schematic illustration of charge transfer of CS/CIS
before contact, in contact, and under irradiation. d) Simulated electron density distribution at the interface of CS/CIS heterojunction. Yellow and cyan
areas represent the depletion and accumulation of electrons.

activate the trans-cleavage activity of CRISPR-Cas12a system. The
activated Cas12a was then mixed with the solution containing G-
rich DNA (G-DNA) and hemin to inhibit the formation of G4-
hemin DNAzyme via cleaving G-DNA. The amount of formed
G4-hemin DNAzyme depended on the initial concentration of
miRNA-141, and thus resulting in a miRNA-141-related detec-
tion signal by a G4-hemin DNAzyme-mediated catalytic reaction,
which could be performed by the catalytic oxidation of 4-chloro-1-
naphthol (4-CN) to generate benzo-4-chloro-hexadienone (4-CD)
precipitates, and the inhibition of 4-CD drop-cast on CS/CIS/ITO
on the PEC response.

The miRNA-141 triggered nonspecific cleavage ability of
CRISPR-Cas12a system toward G-DNA and the generation of 4-
CD precipitates was first verified by UV–vis absorption and dif-
fuse reflectance spectra (Figures S19 and S20, Supporting Infor-
mation). At the wavelength more than 400 nm, the added 4-CN
did not affect the light absorption, while the produced 4-CD pre-
cipitates could compete with CS/CIS for light absorption, leading
to miRNA-141-related photocurrent response and electron trans-
fer resistance (Figure S21, Supporting Information) after drop-
casting the produced 4-CD on CS/CIS/ITO, verifying the feasi-
bility for PEC analysis of miRNA-141.

The PEC detection of miRNA-141 was performed with the
CS/CIS prepared according to the optimal composition, and ap-
propriate temperature and time for CRISPR/Cas12a digestion
(Figure S22, Supporting Information) at an applied potential of
0 V. This proposed method showed a linear plot of photocur-
rent versus the logarithm of miRNA-141 concentration from
0.1 fM to 1 nM with a limit of detection of 32 aM (S/N =
3) (Figure S23, Supporting Information). Moreover, the pho-
tocurrent was stable during PEC measurements and storage of
4-CD drop-cast CS/CIS/ITO (Figure S24, Supporting Informa-
tion). The CS/CIS/ITO electrodes showed excellent reproducibil-
ity with a relative standard deviation of 2.3% for photocurrent
measurements at 5 electrodes prepared independently. The ana-
lytical performance was much better than many previous reports
for miRNA-141 detection (Table S4, Supporting Information), in-
dicating the advantages of the Z-scheme heterojunction.

The applicability of the proposed PEC method for miRNA-141
detection was validated with the cell lysates from MDA-MB-231
and HeLa cells (Figure S25, Supporting Information), which in-
dicated high expression of miRNA-141 in MDA-MB-231 cells and
low expression of miRNA-141 in the HeLa cells, consistent with
those reported previously.[46,47]
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3. Conclusion

This work designs a Z-scheme heterojunction to boost the PEC
performance of Cu2S-based photoactive materials by in situ
growing CdIn2S4 on the surface of hollow CuS cubes followed by
an annealing process to transform the CuS to Cu2S. The CdIn2S4
shows a surface structure similar to the flower-like microsphere
and can be tightly adhered to hollow Cu2S cubes, which results in
the shifts of element-binding energy and the electron migration
from hollow Cu2S cubes to CdIn2S4. The synthesized CS/CIS
shows enhanced light absorption capability, accelerated electron–
hole separation and charge transfer, and strengthened redox abil-
ity due to the presence of Z-scheme heterojunction, which has
been demonstrated by its charge transfer pathway in PEC pro-
cess and density functional theory (DFT) calculation, and leads
to an internal electric field from Cu2S cubes to CdIn2S4 and the
photocurrent increase by 6 times. The hollow structure of Cu2S
is also favorable to enhancing light absorption and shortening
the charge transfer distance for increasing the photocurrent ≈10
times. The developed CS/CIS possesses outstanding PEC perfor-
mance over the known Cu2S and CdIn2S4-based photocatalysts. A
PEC detection method for miRNA-141 has also been developed
to verify the application of the boosted PEC performance. This
work provides a promising strategy to design high-performance
heterojunction nanomaterials.
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the author.
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