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Core-shell colloidal nanocrystals (CNCs) are promising candidates for photoelectrochemical (PEC)
photocathodes due to their strong light absorption, tunable bandgaps, and efficient charge separation. In
this study, we developed a simple and versatile strategy for fabricating narrow-bandgap shells
compatible with various core materials. Among the configurations tested, the matrix-type MoS, shell
demonstrated the most effective performance, significantly enhancing photocurrent generation and
operational stability through improved surface defect passivation and charge carrier separation. Band-
level engineering further enabled the formation of reverse type-I heterojunctions in both CdSe and CIS,
CNGCs. Although type-Il systems are traditionally favored for charge separation, our results show that the
reverse type-| architecture not only enhances photocarrier separation under standard illumination but
also effectively suppresses dark current. This is attributed to the dual physical and electronic passivation
provided by the reverse type-l structure, which stabilizes the core-shell interface and reduces
nonradiative recombination. Notably, the Cu,O/CuQO/red CIS, CNCs with a high indium ratio achieved
the highest photocurrent density and retained over 86% of their initial performance after 24 hours of
continuous operation at —0.1 V vs. RHE, demonstrating excellent long-term stability. These results
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DOI: 10.1035/d5ra04253d highlight the strong potential of matrix-type reverse type-I core—shell CNCs as efficient and durable
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Introduction technologies—characterized by zero carbon emissions during

the production process—have garnered significant attention.
Amid growing global demand for environmentally friendly and Among these, water splitting driven by electricity generated
sustainable energy sources, green hydrogen production from renewable sources such as solar and wind energy is

emerging as a key component of power-to-gas systems. In

particular, photoelectrochemical (PEC) water splitting, which
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nanocrystals (CNCs) have attracted considerable attention as
promising candidates for photoelectrodes due to their tunable
electrical and optical properties.* In particular, core-shell
structured CNCs are of great interest for their multi-
functionality:** photocarrier generation and light absorption
can be tuned via the core, while catalytic activity can be opti-
mized by engineering the shell composition. Various types of
core-shell CNCs have been investigated for PEC applications for
both photocathode and photoanode. These include lead chal-
cogenides (PbX, where X = S, Se, or Te), cadmium chalcogen-
ides (CdX, where X = S, Se, or Te),* and less toxic alternatives
such as copper indium chalcogenides (CIX,). For example, Lu
et al. demonstrated a PEC photocathode comprising p-type NiO
coupled with ZnSe/CdS and CdS/ZnSe quantum dots. The
system achieved cathodic photocurrent densities of 57 pA cm™>
for ZnSe/CdsS and 49 pA cm ™ for CdS/ZnSe at 0 V vs. RHE during
photoelectrochemical water reduction.” In general, most CNC-
based PEC photocathodes without noble metal co-catalysts
have exhibited cathodic photocurrents in the microampere
(nA) range. These values remain significantly lower than those
achieved by wide-bandgap metal oxide systems,®® despite the
inherently superior exciton generation efficiency and higher
extinction coefficients of narrow-bandgap CNCs—properties
closely linked to enhanced photocarrier generation.*

The limited performance of CNCs is primarily attributed to
inadequate charge separation, high moisture sensitivity, and
poor long-term stability, which are largely caused by surface
defect.” Furthermore, most existing core-shell strategies have
adopted type-I architectures due to constraints in shell material
selection imposed by lattice strain. Type-I core-shell structures,
which typically employ wide-bandgap shells, provide excellent
surface passivation through the formation of a potential energy
well. However, while this configuration enhances structural
stability, it often impedes efficient charge carrier separation.
Additionally, many wide-bandgap shell materials lack intrinsic
catalytic activity, further limiting their effectiveness in PEC
applications, particularly in the absence of noble metal co-
catalysts.'” Therefore, there is a critical need to develop novel
core-shell architectures that deliver multifunctionality—
simultaneously enabling effective surface passivation, efficient
charge separation, and strong catalytic activity within the shell
material.

In this study, a simple solution-processed reverse type-I
core-shell structure was developed as an effective photo-
electrode for PEC applications. The reverse type-I architecture
was selected due to its ability to facilitate efficient charge
extraction and enhance charge injection rate.* Copper indium
sulfide (CIS,) or copper indium selenide (CISe,) CNCs were
employed as the core materials, while molybdenum disulfide
(MosS,) was utilized as the shell material. To mitigate lattice
strain, a composite MoS, shell comprising both amorphous and
crystalline phases was introduced. Then, band alignment of the
CIX,@MoS, core-shell structures was precisely tuned by
adjusting the In/Cu ratio in the core and modulating the
amorphous-to-crystalline ratio in the shell. The PEC perfor-
mance of each material configuration was systematically
investigated to evaluate the effects of shell characteristics (i.e.,
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phase composition and band alignment) on photocarrier
generation, charge separation, and device stability.

Result and discussion

In our previous study, we examined photocarrier generation
and extraction behavior as a function of shell characteristics
using impedance analysis.'* Four types of ligands were
employed as shell components: insulating ligands, organic
molecular linkers, inorganic molecular linkers, and matrix-type
ligands. Among these, the matrix-type ligand system exhibited
a pronounced enhancement in photocarrier separation effi-
ciency. This improvement was attributed to the presence of
multiple charge separation pathways—enabled by enhanced
carrier transport through sub-bandgap states facilitated by
amorphous MoS,—and the effective passivation of trap states in
the CNCs, which collectively contributed to the reduction of
Fermi-level pinning. As a result, the matrix-type core-shell
system effectively suppressed hot carrier-induced trap state
formation, minimized photoinduced recombination, and
improved operational stability—particularly in narrow-bandgap
photodetector applications. Building on our previous findings,
this study investigates whether the photocarrier separation
behavior observed in solid-state devices remains consistent in
PEC systems. From the four ligand systems previously evalu-
ated, three representative types were selected for further anal-
ysis: insulating ligands, organic molecular linkers, and matrix-
type ligands. Each represents a different core-shell configura-
tion. The insulating ligand system serves as a model for a wide-
barrier type-I core-shell structure, while the organic linker
system, based on 3-mercaptopropionic acid (MPA), represents
a narrow-barrier type-I configuration (Fig. 1a). In contrast, the
matrix-type ligand system corresponds to a type-II core-shell
structure when CISe, CNCs, possessing a near-infrared (NIR)
bandgap, are used as the core material. The matrix-type ligand
used in this study was synthesized via a previously established
two-step ligand exchange method:* initially, CISe, CNCs
underwent MPA treatment via a solution-phase process, fol-
lowed by a solid-state ligand exchange with MoS,>~ to form the
final hybrid ligand shell. After the two-step ligand exchange, the
size and crystallinity of the CISe, CNCs were well preserved, as
confirmed by transmission electron microscopy (TEM) analysis
(Fig. S1t). The final shell structure for the CISe, CNCs with the
matrix-type shell was completed through thermal annealing
under a nitrogen atmosphere.

First, the performance of PEC water reduction was evaluated
using Cu,0/CuO photocathodes, both with and without CISe,
core-shell CNCs. As shown in Fig. 1b, the bare Cu,O/CuO
electrode exhibited a cathodic photocurrent density with
a maximum difference between dark and illuminated current
densities (Aj = Jiight — jaark) of approximately 2.4 mA cm 2
0.096 V vs. RHE under 1 sun illumination. This relatively high
photocurrent density is attributed to the favorable alignment of
the Cu,O/CuO conduction band edge with the hydrogen
evolution reaction (HER) potential.”® However, the intrinsic
instability of Cu,O/CuO—primarily resulting from the reduc-
tion of copper ions—significantly limits its operational
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Fig.1
(J-V) curves for (b) bare Cu,O/CuO, (c) Cu,O/CuO/CISe, CNCs capped
linker ligands, and (e) Cu,O/CuQO/ClISe, CNCs capped with matrix-type

durability. In our measurements, a pronounced reduction peak
was observed at 0.07 V vs. RHE, corresponding to the onset of
Cu' reduction. As a result, the unprotected Cu,0/CuO electrode,
lacking a passivation layer, underwent simultaneous film
delamination when subjected to highly negative potentials—
approximately 0.07 V for the Cu® to Cu® transition, and more
negative than —0.3 V for the Cu®** to Cu® and Cu*" to Cu*
reductions. Consequently, a sharp decline in photocurrent
density was observed during the second measurement cycle,
indicating significant degradation of the photoelectrode
(Fig. 1b).*®

On the other hand, the PEC performance became signifi-
cantly more stable after the deposition of the CISe, CNC layer
on Cu,O/CuO (Fig. 1c and d). Unlike the bare Cu,O/CuO elec-
trode, the CISe, CNC-modified electrodes—regardless of the
ligand type—maintained high photocurrent densities even after
six cycles under 1 sun illumination. However, their dark current
behaviors varied noticeably depending on the ligand system.
The CISe, CNCs with insulating ligands exhibited both dark and
photocurrent density levels comparable to those of the bare
Cu,0/CuO, with a slight improvement in operational stability
(Fig. 1c), suggesting that the CNC layer primarily functioned as
a passive overlayer without significantly altering charge
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(a) Schematic illustration of the band alignment of CISe, CNCs with different shell systems. (b—e) Current density versus cathodic potential

with insulating ligands, (d) Cu,O/CuO/ClISe, CNCs capped with organic
ligands (post-annealing at 250 °C).

transport. The oleylamine ligands used have an alkyl chain
length of about 1.9 nm, which is not long enough to completely
block quantum tunneling. Therefore, electronic coupling
within the NIR CNCs remained effective, enabling efficient
separation of photogenerated electron-hole pairs even in the
presence of these insulating ligands. In contrast, the CISe,
CNCs with MPA ligands showed a markedly increased dark
current density (Fig. 1d), attributed to enhanced electronic
coupling between CNCs, which facilitated charge transport but
also elevated the baseline conductivity. Meanwhile, the matrix-
type shell resulted in a reduced dark current density (Fig. 1e),
likely due to its superior surface defect passivation, which
effectively suppressed recombination and improved operational
stability—consistent with our previous observations in solid-
state devices.™

Interestingly, photocurrent density values measured at
—0.2 Vvs. RHE (fiigh) followed the trend: CISe, CNCs with MPA
(—10.4 mA cm™?) > insulating ligand (—5.8 mA cm™?) > matrix-
type ligand (—4.9 mA cm™?). However, the matrix-type system
exhibited the highest maximum Aj (jiight — jaark), indicating that
its PEC enhancement was primarily attributed to improved
photocarrier separation rather than increased baseline
conductivity. Owing to the effectively suppressed recombination

© 2025 The Author(s). Published by the Royal Society of Chemistry
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behavior enabled by the matrix-type shell, CISe, CNCs demon-
strated a stable and sustained photocurrent density under
continuous illumination (Fig. S21). In contrast, the other
systems exhibited progressively decreasing photocurrent
density over time. Therefore, CISe, CNCs with matrix-type
ligands function as both an effective passivation layer and an
efficient photocarrier transport medium, positioning them as
a highly promising candidate for photocathode integration in
PEC applications.

The broad applicability of the matrix-type MoS, shell was
systematically investigated. Unlike conventional crystalline
shell formation methods, which rely on direct shell growth
immediately following core CNC synthesis, our approach
utilizes a ligand exchange reaction followed by a post-annealing
process to convert the initially amorphous shell into a crystal-
line phase. The coexistence of amorphous and crystalline MoS,
domains effectively alleviates lattice strain caused by core-shell
lattice mismatch. This structural adaptability enables the
matrix-type MoS, shell to accommodate a broad range of core
materials. To demonstrate the versatility of this strategy, two
distinct core nanocrystal systems—CdSe and CISe, CNCs—were
selected and evaluated. Fig. S37 presents TEM images of CdSe
CNCs before and after ligand exchange. Consistent with the
results observed for CISe, CNCs, the particle size remained
largely unchanged, and the crystallinity was well preserved
throughout the ligand exchange process. Zeta potential
measurements showed a significant shift from —8 mvV to
—62 mV after ligand exchange, attributed to the negatively

View Article Online
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IR spectroscopy revealed the disappearance of characteristic
CH; and -CH,- stretching modes associated with insulating
ligand (i.e., oleylamine), further confirming the successful
replacement with MoS,>~ ligands on the surface of the CdSe
CNCs (Fig. 2b).

The PEC water reduction performance of CdSe CNCs was
evaluated, as shown in Fig. 2c. The bare CdSe CNCs exhibited
a dark current density of 0.47 pA ecm > and a photocurrent
density of 2.0 pA cm ™ > at —0.2 V vs. RHE. After ligand exchange
with MoS,>”, both dark current density (2.5 pA cm ™ > at —0.2 V)
and photocurrent density (8.9 pA cm > at —0.2 V) slightly
increased, attributed to enhanced conductivity. Subsequent
post-annealing—intended to form a matrix-type core-shell
structure similar to that developed for CISe, CNCs—led to
a marked improvement in PEC performance. After annealing at
300 °C, the dark current density reached 9.0 pA cm ™ Zat —0.2V
and the photocurrent density increased to 25.2 pA cm > at
—0.2 V, representing a fourfold enhancement in maximum Aj
compared to the unannealed sample. Annealing at 500 °C
further improved the performance, yielding a dark current
density of 0.188 mA cm™? at —0.2 V and a photocurrent density
of 0.256 mA cm™2 at —0.2 V—equivalent to a 16-fold enhance-
ment in maximum Aj. These improvements mirror the trend
observed in CISe, CNCs with matrix-type shells, suggesting that
our shell system can be broadly applied to various types of CNCs
as effective PEC photocathode hosts.

Interestingly, as the annealing temperature increased, the
maximum Aj value increased proportionally (Fig. 2c and S4aft).

charged nature of the MoS,>~ ligands (Fig. 2a). Additionally, FT- Ammonium tetrathiomolybdate [(NH,),Mo0S;] undergoes
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Fig.2 (a) Zeta potential measurements of CdSe CNCs before and after

Potential (V vs. RHE)
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MoS42~ ligand exchange. (b) FT-IR spectra of CdSe CNCs before and after

MoS,2~ ligand exchange. (c) J-V curves of CdSe CNC photocathodes with different ligand systems under pH 6 conditions. (d) J-V curves of bare
CdSe CNCs and CdSe@MoS, CNCs deposited on a carbon rod working electrode under pH 1 conditions. (e) Differential pulse voltammetry of
bare CdSe CNCs and CdSe@MoS, CNCs. (f) Cyclic voltammetry of CISe, CNCs and ClSe,@MoS, CNCs under 0.1 M TBAPFg in acetonitrile.
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thermal decomposition through the reaction: (NH,),MoS, —
MoS, + 2NH; + H,S. This transformation yields a range of
MoS,> -derived phases, including crystalline MoS, (trigonal or
hexagonal), crystalline sulfur-deficient MoS,, (x < 2), and sulfur-
rich amorphous MoS,, depending on the annealing condi-
tions."”*® Under low-temperature annealing (<160 °C), the MoS,
shell predominantly retains its amorphous nature. At moderate
temperatures (<500 °C), a phase transition from amorphous
MoS, to the 1T/1T" MoS, phase occurs. At higher annealing
temperatures (>550 °C), the 1T phase transforms into the
semiconducting 2H phase.' Since the 2H phase exhibits lower
electrical conductivity, its formation leads to reduced photo-
cathode performance. To avoid this and maintain high PEC
activity, the annealing temperature was carefully controlled
within the 160-500 °C range. It is considered that the PEC
performance of CdSe@MoS, CNCs annealed at 500 °C is
primarily due to the presence of the 1T/1T" MoS, phase. To
validate this, the J-V characteristics of the CdSe@MoS, CNCs
annealed at 500 °C were measured in 0.5 M H,SO, electrolyte
(Fig. 2d). The sample exhibited an overpotential of 310 mV,
which is similar values reported for 1T/1T MoS, phases,*
further supporting our interpretation.

To better understand the role of the shell phase, the
conduction band minimum (CBM) and valence band maximum
(VBM) of CdSe@MoS, CNCs were estimated using differential
pulse voltammetry (DPV) as a function of annealing tempera-
ture (Fig. S5f). While annealing influenced the electronic
structure, the overall bandgap of the CdSe@MoS, CNCs
remained unchanged. According to the DPV results, both the
CBM and VBM exhibited slight shifts with increasing annealing
temperature. Compared to bare CdSe CNCs, the CdSe@MoS,
CNC samples showed an upshift in CBM and a downshift in
VBM following MoS, shell formation (Fig. 2e). Given that the
core CdSe CNCs exhibited a bandgap of approximately 2.1 eV
(Fig. S6t), all three CdSe@MoS, CNC samples—regardless of
annealing temperature—maintained a reverse type-I core-shell
band alignment. Therefore, the differences observed in PEC
activity among these samples with varying shell characteristics
are primarily attributed to enhanced electrical conductivity,
rather than differences in photocarrier separation efficiency
induced by band alignment at the core-shell interface.

CISe,@MoS, CNCs exhibited a similar trend. Due to the
more complex sub-band structure of NIR CISe, CNCs compared
to red CdSe CNCs, their band states were evaluated using cyclic
voltammetry (CV) with an 0.1 M TBAPF, in acetonitrile, as
shown in Fig. 2f. To ensure accurate determination of electronic
energy levels, CV measurements were conducted at various scan
rates (Fig. S71). As the faradaic current is influenced by scan
rate, both anodic and cathodic currents—corresponding to the
VBM and CBM, respectively—are expected to increase propor-
tionally with scan rate.” The potential region from approxi-
mately 0 to —0.6 V is associated with the CBM, while the region
from 0 to +1 V corresponds to the VBM. The VBM position was
estimated using the oxidation peak (Vo vs. Ag/AgCl), calculated
as 4.75 eV + V,, while the CBM level was determined using the
reduction peak (V,.q), calculated as 4.75 €V + V,.q.>> For the bare
CISe, CNCs, the CBM was identified at 0.48 V and the VBM at
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1.52 V (Fig. S7a and ct), indicating a bandgap of approximately
1.1 eV. In contrast, CISe,@MoS, CNCs showed a CBM around
—0.34 V and a VBM around +0.86 V (Fig. S7b and ct). Based on
these results, CISe,@MoS, CNCs exhibited a type-II core-shell
band alignment, as illustrated in the inset of Fig. 2f.

As CIS, or CISe, CNCs are considered non-toxic alternatives
to CdSe-based CNCs, various types of core-shell CIX, CNCs were
investigated to examine the distinct effects of reverse type I and
type II band alignment configurations on PEC performance. All
core-shell CNCs were deposited onto Cu,O/CuO photo-
electrodes. Top-view SEM images (Fig. S81) confirmed uniform
and complete surface coverage of the Cu,O/CuO substrates by
the CISe,@MoS, layer. X-ray diffraction (XRD) patterns
(Fig. S91) of CISe,@MoS,-passivated Cu,O/CuO electrodes
before annealing revealed a new diffraction peak at 44.62°,
corresponding to the (220) plane of CISe, nanocrystals. This
observation is consistent with the FFT patterns obtained from
TEM analysis (Fig. S1t). After annealing, additional peaks at
18.08° and 31.58° emerged, which are attributed to the (004)
and (100) planes of the 1T/1T' phase of MoS,, respectively.
Notably, these peaks were absent prior to annealing, indicating
that the 1T/1T’ phase of MoS, was formed during the thermal
treatment. Collectively, these results confirm the successful co-
deposition of CISe, and MoS, onto the Cu,O/CuO electrode
surface and validate the effectiveness of the applied surface
modification strategy in enhancing PEC activity.

To clarify the influence of the core-shell interface on PEC
performance, core-shell CIX, CNCs were first evaluated under
MPA-rich and MPA-deficient conditions. A two-step ligand
exchange process involving MPA and MoS,>~ led to variations in
shell composition, governed by the residual surface ligand
densities. Accordingly, MPA-rich CIS,@MoS, and MPA-deficient
CISe,@MoS, CNCs were synthesized, and their PEC perfor-
mances were systematically compared to assess the impact of
MPA content at the interface. The MPA-rich CIS,@MoS, CNCs
were prepared using a previously reported water-based
synthesis method (see ESI),>®> wherein MPA was introduced
during the reaction. This approach eliminated the need for
a separate ligand exchange step, resulting in a high surface
coverage of MPA and promoting strong ion-dipole interactions
that facilitated the retention of a larger amount of MoS,>~ on
the CNC surface. The MPA-rich CIS,@MoS, CNCs demon-
strated a high dark current density (—10.7 mA cm™ > at —0.3 V vs.
RHE), indicative of enhanced baseline conductivity due to
strong electronic coupling between particles (Fig. 3a). However,
a gradual decline in photocurrent was observed during pro-
longed operation. This degradation is attributed to the higher
density of surface defects inherent to the water-based synthetic
conditions, which likely facilitated hot carrier generation under
illumination.>* These hot carriers may have accelerated defect
propagation at the interface, ultimately contributing to the
observed performance deterioration.

In contrast, the MPA-deficient CISe,@MoS, CNCs were
synthesized via a modified hot-injection method,” using
dodecanethiol (DDT) as both a co-surface ligand and sulfur
source. These were compared to bare CISe,@MoS, CNCs, which
were also synthesized using the hot-injection method but

© 2025 The Author(s). Published by the Royal Society of Chemistry
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without DDT. For both types, the original insulating ligands
(e.g., oleylamine, DDT) were partially replaced by MPA through
ligand exchange using a mild KOH solution (0.12 M in meth-
anol). While this approach was chosen to minimize the
formation of surface defects typically caused by harsher strip-
ping conditions, it did not completely remove the insulating
ligands, resulting in lower MPA surface coverage and, conse-
quently, reduced MoS,>~ binding. The MPA-deficient CISe,@-
MoS,. CNCs exhibited a lower surface MPA content compared to
the bare CISe,@MoS, CNCs, primarily because DDT ligands
require significantly higher energy for removal than oleylamine.
As a result, the MPA-deficient CISe,@MoS, CNCs showed
a slightly reduced photocurrent density (—7.22 mA cm > at
—0.3 V vs. RHE in Fig. 3b), which is attributed to the lower
conductivity of the MPA-deficient shell relative to that of the
bare CISe,@MoS, CNCs. However, the dark current densities of
both samples were comparable, suggesting that the matrix-type
MoS, shell in the MPA-deficient CISe,@MoS, CNCs still effec-
tively passivates surface defects. Interestingly, MPA-deficient
CISe,@MoS, CNCs exhibited pronounced activation behavior
over repeated operating cycles compared to bare CISe,@MoS,
CNCs. This enhancement is attributed to the anodic polymeri-
zation of surface-bound MoS,>” ligands, following the
reaction:*

[MoS4*~ — MoS;_, + 1/8Sg + 2~

Sulfur-rich MoS, phases (e.g.,, MoS;_,) generated through
anodic polymerization provide a higher density of catalytically

© 2025 The Author(s). Published by the Royal Society of Chemistry

active sites compared to amorphous MoS, produced solely by
thermal decomposition.??®* When a larger quantity of MoS,>~
ligands remains on the CNC surface, these ligands readily
undergo polymerization to form an amorphous MoS, matrix,
which can subsequently transition into the conductive 1T/1T
phase during post-annealing. Conversely, a lower surface
concentration of MoS,>~ limits polymerization under identical
annealing conditions, resulting in reduced 1T/1T’ phase
content. The remaining amorphous domains are capable of
undergoing anodic polymerization during PEC operation,
leading to notable activation behavior with cycling. As shown in
Fig. S10,1 the J-V curves before and after anodic activation
clearly demonstrate this effect: the photocurrent density
increased by nearly tenfold following activation, thereby con-
firming our hypothesis. However, the stability and electrical
conductivity of sulfur-rich MoS, phases differs notably from
that of the 1T/1T’ phase. To verify this effect, PEC performance
was evaluated as a function of the amorphous-to-crystalline
phase ratio.

The ratio of amorphous to crystalline phases in the MoS,
shell was modulated by optimizing the annealing conditions. In
the case of CdSe CNCs, annealing at 500 °C, resulting in an
enhanced photocurrent compared to samples treated at 300 °C.
It suggests that effective phase transition of the MoS, shell into
a crystalline structure requires annealing at 500 °C. However,
CISe, CNCs, which possess a lower defect formation energy,*
are more susceptible to degradation at elevated temperatures.
To address this challenge, a two-step annealing process was
employed for CISe, CNCs: an initial step at 250 °C followed by
a rapid thermal treatment at 500 °C to induce re-crystallization
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while minimizing thermal damage to the core material.
Therefore, PEC performance was subsequently evaluated under
different post-annealing conditions, with the conventional 250 ©
C treatment denoted as the T; condition and the two-step
process referred to as the 7, condition. As shown in Fig. 3c,
the maximum Aj value for CIS,@MoS, CNCs synthesized via the
water-based method was significantly lower than that of
CISe,@MoS, CNCs prepared via the hot injection method under
both T; and T, conditions. This performance discrepancy is
primarily attributed to the higher density of exposed surface
defects in the water-based samples. CIS,@MoS, CNCs synthe-
sized via the water-based method and subjected to 7, anneal-
ing—characterized by high-temperature treatment—exhibited
rapid degradation within only two operational cycles. This
observation further supports the conclusion that the water-
based synthesis route generates a higher density of surface
defects compared to the hot-injection method.

In contrast to the defective CIS,@MoS, CNCs synthesized via
the water-based method, CISe,@MoS, CNCs prepared using the
hot-injection method exhibited a different trend. Specifically,
CISe,@MoS, CNCs annealed under the T; condition displayed
the highest maximum Aj value, although their dark current
showed the greatest variation over six operating cycles. Mean-
while, CISe,@MoS, CNCs treated under the T, condition
exhibited a comparable maximum Aj value but demonstrated
a significantly smaller change in dark current, indicating
superior operational stability with 7, annealing condition.
Since the electrochemical surface area (ECSA) of CISe,@MoS,
CNCs under both 7; and T, conditions showed no significant
difference (Fig. 3d), the PEC performance can be primarily
attributed to differences in the shell characteristics, rather than
to variations in the number of active sites or surface area effects.
X-ray photoelectron spectroscopy (XPS) was further conducted
to investigate the shell characteristics of CISe,@MoS, CNCs
under different post-annealing conditions. The Mo 3d core
levels were analyzed for samples prepared without annealing,
with T; annealing, and with T, annealing (Fig. 3e). The sample
without post-annealing, which underwent self-polymerization
during the film fabrication process, exhibited dominant Mo
3d peaks at 226.4 €V and 227.1 eV, corresponding to MoS,>~
species, and at 229.2 eV and 232.6 eV, attributed to amorphous
MosS, (Fig. 3f). In contrast, the T;- and T,-annealed samples
showed a marked decrease in the amorphous MoS, component
and the emergence of features characteristic of the 1T/1T’ phase
of MoS, (Fig. 3g and h). Mo 3d peaks to 230.1 eV and 233.3 eV,
compared to 229.9 eV and 233.3 eV for the Tj-treated sample,
indicating a higher proportion of the 1T/1T' phase. These
results suggest that the higher annealing temperature in the 7,
treatment facilitates enhanced crystallization and phase trans-
formation within the MoS, shell.** Moreover, the shift in Cu 2p
binding energies observed in XPS analysis provides insight into
the electronic behavior, such as n-type or p-type character.
Compared to the sample without post-annealing, both T;- and
T,-annealed samples exhibited Cu 2p peaks shifted toward
lower binding energies, indicating a p-type doping effect
induced by the shell (Fig. S11at). Specifically, the peaks shifted
by approximately ~0.2 eV for T; and 7, treatment (Fig. S11b¥).
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These shifts suggest minor changes in the electronic band
structure, likely influenced by differences in shell characteris-
tics. However, the amorphous-to-crystalline ratio of the shell
plays a crucial role in surface defect passivation—an essential
factor for enhancing operational stability—while also main-
taining sufficient electrical conductivity to enable effective
charge transport.

Since the band structure of the MoS, shell was not signifi-
cantly affected by its amorphous-to-crystalline phase ratio, the
post-annealing condition was fixed to the T, treatment. Subse-
quently, the band structure of the core material was modulated
to achieve the desired reverse type-I core-shell configuration.
Then, PEC performance of this reverse type-I structure was then
systematically compared to that of the type II core-shell coun-
terpart. The PEC performance of CIS,@MoS, CNCs with
different In/Cu ratios (i.e., 1.25 and 3) was evaluated, as shown
in Fig. 4a and b. As the In/Cu ratio increased, the dark current
density decreased from —6.4 mA cm™~> at —0.2 V vs. RHE for
CIS,@MoS, CNCs with an In/Cu ratio of 1.25 to —1.14 mA cm >
for those with a ratio of 3. On the other hand, the maximum Aj
increased with the In/Cu ratio—from approximately 0.62 mA
cm? for the 1.25 ratio to about 4.8 mA cm ™~ for the 3.0 ratio—
indicating enhanced charge separation efficiency. CV analyses
were conducted on bare CIS, CNCs with In/Cu ratios of 3.0 and
1.25 to evaluate the electronic band structure of the core
material in the absence of MoS, shell. The results revealed that,
for CIS, CNCs with an In/Cu ratio of 1.25, the CBM and VBM
were located at —0.31 V and +1.18 V, respectively (Fig. 4c, d and
S12aft). In contrast, for CNCs with an In/Cu ratio of 3.0, the CBM
and VBM were positioned at —0.36 V and +1.06 V, respectively.
As the In/Cu ratio increased, the CBM of the core material
exhibited an upward shift toward that of the MoS, shell, indi-
cating a transition in band alignment from a type-II configu-
ration (observed in CIS,@MoS, CNCs with an In/Cu ratio of
1.25) to a reverse type-I core-shell configuration (observed in
those with an In/Cu ratio of 3.0). This transition to a reverse
type-I band alignment is attributed to the enhanced PEC
performance observed in CIS,@MoS, CNCs with a higher In/Cu
ratio compared to those with a lower ratio. A schematic illus-
tration of the photocathode incorporating Cu,O/CuO/reverse
type-1 core-shell CNCs and their corresponding band align-
ment is presented in Fig. 4e. The reverse type-I core-shell
configuration is characterized by a p-type core and an n-type
shell. This specific band alignment not only enhances photo-
carrier separation under 1 sun illumination but also signifi-
cantly suppresses the dark current.

When a negative potential is applied to the n-type semi-
conductor, the space-charge region is narrowed, resulting in
a diminished degree of band bending. Under dark conditions,
the core-shell junction forms a Schottky barrier that inhibits
simultaneous carrier transport, thereby minimizing the dark
current. Upon illumination, however, the photogenerated
carriers induce a negative built-in potential, further reducing
the space-charge layer and facilitating ohmic contact between
the core and shell. This energy-level alignment leads to
complete delocalization of electrons and holes within the shell

region, promoting efficlent charge separation and,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@ and b) J-V curves of CIS,@MoS, CNCs photocathodes with different In/Cu ratios: (a) 1.25 and (b) 3. (c) Cyclic voltammograms (CVs) of

NIR CIS,@MoS, CNCs with In/Cu ratios of 1.0 (black), 1.25 (blue), and 3.0 (pink) measured in 0.1 M TBAPFg/acetonitrile. (d) Estimated oxidation

(Vox) and reduction (V,eq) peak positions for the corresponding samples.

CNC photocathode architecture. (f) J-V curves of red CIS,@MoS, CNC
Applied bias photon-to-current efficiency (ABPE) plots for various type

(e) Schematic illustration of the Cu,O/CuO/reverse type-| core—shell
photocathodes (Cu,O/CuO/CNC layer) with an In/Cu ratio of 3.0. (g)
s of photocathodes. (h) Dark current stability of red CIS,@MoS, CNC

photocathodes (Cu,O/CuO/CNC layer) with an In/Cu ratio of 3.0, before and after 24 hours of continuous operation at —0.1 V vs. RHE.

consequently, an enhanced photocurrent density in reverse
type-I core-shell CNCs. Moreover, due to the improved photo-
carrier separation, the operational stability at elevated working
voltages is significantly enhanced in CIS,@MoS, CNCs with an
In/Cu ratio of 3.0, which exhibit the reverse type-I band align-
ment (Fig. S12b¥). The red CIS,@MoS, CNCs with an In/Cu ratio
of 1.25 also exhibited a higher maximum Aj compared to the
NIR CIS,@MoS, CNCs with the same In/Cu ratio (Fig. S12ct).
This enhancement further highlights the impact of the reverse
type-I core-shell band alignment intrinsic to the red CIS,@-
MoS,. CNCs, a feature that is absent in their NIR counterparts.
For a similar reason, the dark current densities of the red
CIS,@MoS, CNCs were markedly reduced relative to those of
the NIR CIS,@MoS, CNCs with the same composition. Ulti-
mately, a precisely engineered reverse type-I core-shell band
alignment was achieved in red CIS,@MoS, CNCs with an In/Cu
ratio of 3.0. This configuration delivered the highest photo-
current density (—9.52 mA cm ? at —0.2 V vs. RHE) and the
greatest maximum Aj among all tested samples (Fig. 4f).
Furthermore, to evaluate the photoinduced charge separa-
tion efficiency as a function of band alignment, the applied bias
photon-to-current efficiency (ABPE) under standard 1 sun illu-
mination and the incident photon-to-current efficiency (IPCE)
under monochromatic illumination at 365 nm (100 mW c¢cm™?)
and 650 nm (200 mW cm ) were evaluated. The ABPE in Fig. 4g
of the photoelectrode passivated with reverse type I CIX, core—
shell CNCs reached a maximum value of 13% at —0.2 V vs. RHE
and exhibited significantly enhanced performance in the
potential range below 0 V vs. RHE compared to both the

© 2025 The Author(s). Published by the Royal Society of Chemistry

unmodified Cu,0/CuO electrode and the NIR/red type II CIX,
core-shell CNCs-passivated photoelectrodes. The IPCE
measurements in Fig. S13at displayed a consistent trend: the
reverse type I core-shell CNCs showed markedly higher IPCE
values under both 365 nm and 650 nm illumination compared
to the type II core-shell CNCs variants. This enhancement is
primarily attributed to the improved light absorption charac-
teristics of the reverse type I configuration. While the bare
Cu,0/CuO electrode demonstrates strong absorption in the
350-450 nm region, CNC-passivated films—especially those
incorporating reverse type I core-shell structures—showed
a significant increase in absorption above 450 nm (Fig. S13b¥).
This extended spectral response indicates more efficient utili-
zation of the solar spectrum and enhanced charge transfer
dynamics, likely resulting from improved electronic coupling at
the core-shell interface and favorable band alignment. As
a result, the reverse type I core-shell CNCs passivated photo-
electrode achieved an IPCE of approximately 42% under 365 nm
illumination, surpassing the performance of both the unmod-
ified Cu,O/CuO electrode and the type II-passivated structures.
Finally, the operational stability of the reverse type I core-shell
CNC photoelectrode was thoroughly investigated. Its PEC
performance remained consistent, showing no significant
alterations after 24 hours of operation under a constant bias of
—0.1 V versus RHE. This outcome demonstrates a significantly
improved operational stability (Fig. 4h and S13ct). To further
assess the durability, electrochemical impedance spectroscopy
(EIS) and CV measurements were performed after 1000 LSV
cycles (0.1 V to —0.2 V vs. RHE). The EIS results showed no
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noticeable increase in internal resistance, confirming both
structural and electrochemical robustness of the photocathode
(Fig. S13dt). Moreover, in contrast to the bare Cu,O/CuO elec-
trode, which displayed a pronounced Cu reduction peak near
—0.5 V, the reverse type I core-shell CNC photocathodes
exhibited no such peak (Fig. S13et). The effective suppression of
Cu reduction also contributes to the enhanced operational
stability of the PEC system.

In conclusion, this study presents a universal and scalable
strategy for designing narrow-bandgap shells in core-shell
CNCs to enhance their performance as PEC photocathodes. The
method involves ligand exchange using metal complexes, fol-
lowed by a controlled annealing process, which results in the
formation of a matrix-type shell composed of both amorphous
and crystalline MoS, phases. This mixed-phase structure effec-
tively relieves interfacial lattice strain, enabling compatibility
with a wide range of core materials. Importantly, despite the
inherent limitations of narrow-bandgap shells—particularly
their lower passivation efficiency compared to wide-bandgap
materials—the matrix-type MoS, shell significantly improves
both optical and electrochemical stability. Systematic PEC
performance evaluation across various ligand systems
confirmed that this shell configuration provides -effective
surface defect passivation and enhanced charge carrier sepa-
ration. Consequently, CNCs with matrix-type MoS, shells ach-
ieved a marked increase in photocurrent generation,
characterized by a high photocurrent-to-dark current ratio and
excellent long-term operational stability. Further energy band
alignment engineering of the core and shell facilitated the
formation of reverse type-I heterojunctions in both CdSe and
CISe, CNC systems. Among the configurations tested, the Cu,O/
CuO/red CISe, CNCs with a high indium content—featuring
optimized band alignment and superior surface passivation—
achieved the highest photocurrent density along with excellent
operational stability. These findings underscore the strong
potential of the matrix-type reverse type-I core-shell architec-
ture for advancing the development of efficient and durable
PEC photocathode materials.
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