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Photoelectrochemical (PEC) water splitting, recognized for its potential in producing solar hydrogen
through clean and sustainable methods, has gained considerable interest, particularly with the utilization
of semiconductor nanocrystal quantum dots (QDs). This minireview focuses on recent advances in PEC
hydrogen production using I-Il1-VI semiconductor QDs. The outstanding optical and electrical properties
of I-11I-VI QDs, which can be readily tuned by modifying their size, composition, and shape, along with
an inherent non-toxic nature, make them highly promising for PEC applications. The performance of PEC
devices using these QDs can be enhanced by various strategies, including ligand modification, defect
engineering, doping, alloying, and core/shell heterostructure engineering. These approaches have notably
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improved the photocurrent densities for hydrogen production, achieving levels comparable to those of
conventional heavy-metal-based counterparts. Finally, this review concludes by addressing the present
challenges and future prospects of these QDs, underlining crucial steps for their practical applications in
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1. Introduction

Recent environmental challenges, including the increased con-
sumption of fossil fuels, excessive emission of greenhouse
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gases, and radical, unpredictable climatic changes, have
increased the demand for clean and sustainable energy
sources.'” Solar energy has emerged as a promising solution to
these issues, owing to its environmental sustainability, abun-
dant availability, and cost-effectiveness.®® Remarkably, the
annual solar radiation reaching Earth exceeds the global annual
energy consumption by over 7500 times. Within this context,
photoelectrochemical (PEC) water splitting is emerging as an
efficient, economical, and clean approach to harness solar
energy for hydrogen production through water electrolysis."*>°
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Furthermore, this method, integrating solar energy harvesting
and water electrolysis in a single device, offers a simple and
cost-effective device design, thus positioning it as a leading
technology for next-generation energy systems.

Typically, PEC devices consist of a working electrode, a
counter electrode, and an electrolyte.**® The working elec-
trode is a photoelectrode that absorbs sunlight and can be
classified as a photoanode and photocathode depending on
the reaction involves. For the last several decades, various
materials have been developed for PEC photoelectrodes,> >°
because the proper selection of materials plays a crucial role in
boosting PEC performance. Metal oxide materials, such as
TiO,, ZnO, and BiVO,, have been preferred for PEC hydrogen
production, because of their abundance, low cost, eco-friendli-
ness, and stability.”>>> Moreover, their band alignment is
favorable for hydrogen generation from water, making them
important materials for PEC hydrogen production. However,
their wide bandgaps reduce sunlight absorption range, limit-
ing the solar-to-hydrogen conversion efficiency.

Colloidal semiconductor quantum dots (QDs), tiny nano-
particles with dimensions spanning just a few
nanometers,>® ! exhibit unique size- and shape-dependent
properties compared to their bulk counterparts resulting from
quantum confinement effects.’>> They have emerged as
efficient and versatile sensitizers for the photoelectrodes
(usually, photoanodes) of PEC devices due to several advan-
tages: tunable bandgap, large light absorption coefficient,
facile synthesis, ease of surface functionalization, and solution
processability.’>'%?¢8 The discussed drawbacks (i.e., limited
light absorption range) of the conventional metal oxide photo-
anodes can be addressed by utilizing QDs. However, the devel-
opment of QD-sensitized photoanodes have been predominantly
involved with QDs containing heavy metals, such as Cd and Pb,
because of their high efficiency and stability.***® The environ-
mental and health risks associated with these heavy metals have
raised significant concerns, thereby limiting the practical use of
PEC devices that incorporate such toxic materials."®
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Recently, substantial efforts have been directed towards
replacing heavy metal-based QDs with environmentally benign
alternatives such as I-III-VI semiconductor QDs.**™° The
development of I-III-VI QDs for PEC hydrogen production is
accelerating through various approaches including defect
engineering,”® alloying (cation),”™** doping,”>** alloying
(anion),>  ligand  modification,***  and  core/shell
heterostructures.’®®* This raises the demand for a state-of-the-
art review article. Previous reviews have broadly covered
general QD-based photoanodes,'® " PEC devices with various
sensitizer materials,"""® or the synthesis and properties of
I-III-VI QDs.*®™° For instance, Yang et al. have focused on
light-emitting diodes,”” while Shishodia et al. have concentrated
on photovoltaic cells using I-I1I-VI QDs.*® However, comprehen-
sive reviews and summaries of recent progress in I-1II-VI QDs
specifically for PEC applications have been rarely reported.

Herein, we summarize the recent advances in PEC hydro-
gen generation using I-III-VI QDs. We commence by elucidat-
ing the fundamental working principles of QD-based PEC
devices, highlighting the unique properties of I-III-VI QDs.
The review then systematically explores various material
design strategies that have been developed to improve their
PEC hydrogen production. These examples are categorized
into Cu-based and Ag-based I-III-VI QDs, including sum-
maries of the PEC performances. Finally, the review concludes
with discussions on current challenges and future perspectives
in this field. Note that PEC photoanodes employing larger
I-III-VI nanocrystals, which do not show the quantum-
confined effect, are not included in this review.

2. Quantum dot-based PEC devices

Usually, QDs have been employed as sensitizers of metal oxide
photoanodes in PEC hydrogen production (Fig. 1). By introdu-
cing QDs onto oxide semiconductor photoelectrodes, the light
absorption range of PEC devices can be greatly extended,
which is beneficial for enhancing the overall efficiency of PEC
hydrogen generation. The working principle of QD-based PEC
devices is as follows. (I) Upon illumination, QDs absorb
photons, generating electron-hole pairs. (II) The photogene-
rated electrons are transferred from QDs to oxide semi-
conductor of photoanodes and then to the counter electrode
via the external circuit, driven by a built-in voltage due to a
potential difference, catalyzing the hydrogen evolution reac-
tion. Simultaneously, photogenerated holes participate in the
redox reaction within the electrolyte. (III) These processes
facilitate the following redox reactions:

4H" + 4e” — 2H, (at cathode)

2H,0 + 4h™ — 4H" + O, (at anode)

To achieve high performance PEC system, there are several
key requirements for QD materials. (1) High absorption coeffi-
cient across a wide spectrum of solar energy. (2) Effective sep-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr01040j

Published on 26 April 2024. Downloaded on 12/19/2025 1:49:55 AM.

Nanoscale

View Article Online

Minireview

- h

Im
4H* + 4e- —> 2H, /
Reduction

2H,0 + 4h*—> 4H* + O,

A

Potential
(V vs NHE)
A /v
QD
I vAg
<© © W
H-l-/H2 V' V'
oV T o o6
C;jlig Oxidation
Anode

Electrolyte

Cathode

Fig. 1 Schematic illustration depicting the general working principle of QD-based PEC devices.

aration of electron-hole pairs and suppressed non-radiative
recombination. (3) Effective charge transfer from QDs to oxide
semiconductor of photoanodes.”’®® (4) Appropriate band
alignment for the redox reactions. (5) Good stability under
photon illumination and in aqueous environments.

I-1II-VI semiconductor materials are typically classified
into two categories based on the constituting Group I
elements: Cu-based materials and Ag-based materials (Fig. 2a).
The Group III elements include In and Ga, while the Group VI
elements consist of S, Se, Te, among others. Generally, I-I1I-VI
materials can exist in three crystal phases at room tempera-
ture: chalcopyrite, zinc blende, and wurtzite structures
(Fig. 2b). Notably, in the zinc blende and wurtzite phases, the
positions of I and III atoms are interchangeable. As sensitizers
in the PEC hydrogen evolution system, I-III-VI QDs offer
several advantages. Firstly, I-III-VI QDs exhibit bandgap tun-
ability by controlling the QD size, allowing for facile adjust-
ment of band alignment and light absorption, required in PEC
systems (Fig. 2¢). Secondly, the electrical properties of I-III-VI
QDs can be modified by changing the elemental composition,
primarily the ratio of I/III elements, which is a distinctive
feature of I-III-VI QDs compared to other binary QDs
(Fig. 2(:1)‘47,49—51

For effective PEC hydrogen generation using QD-based
photoanodes, the electron transfer from QDs to metal oxide
semiconductors of photoanodes (usually, TiO,) should be
favorable. Fortunately, the band alignments of most I-III-VI
QDs meet these criteria (Fig. 2e), making them highly suitable
for PEC applications.”” As the quantum confinement effect
broadens the bandgap, the band edges of I-III-VI QDs remain
optimally positioned relative to photoanode materials with a
relatively wide bandgap, facilitating swift electron transfer
from QDs to metal oxide semiconductors and hole movement
in the opposite direction. Practically, I-III-VI QDs have proven
their efficiency in charge transfer characteristics for solar
cell’"”* and photocatalytic hydrogen evolution applications.”
Furthermore, I-III-VI QDs exhibit a large absorption coeffi-
cient and a broad light absorption range that covers the visible

This journal is © The Royal Society of Chemistry 2024

to near-infrared wavelengths owing to their narrow bandgaps
(Fig. 2f).”* This broad absorption spectrum aligns well with
the significant portion of sunlight spectral distribution that
reaches the Earth surface, primarily in the visible and near-
infrared ranges,” thereby enhancing the efficiency of PEC
devices utilizing I-11I-VI QDs.

In this minireview, we primarily evaluate PEC performance
based on the photocurrent density. Photocurrent density (Jpgc)
is a crucial indicator of PEC hydrogen generation efficiency. It
directly reflects the amount of electrical energy produced.
Photocurrent density is determined using the following
equation:"*

Z3
Jeec = ¢ J; f(’l)A(}')d}' X Msep X Minj

1
where ¢ is the electron charge, f(4) is the irradiance spectrum,
A(%) is the absorbance spectrum, A, 4, is the range of wave-
length, 7, is the efficiency of charge carrier separation, and
Ninj 1S the efficiency of the injection. Furthermore, photo-
current density is widely used and reported in most literature
because measuring photocurrent density is simpler than quan-
tifying the amount of H, evolved.

3. Copper-based I-1lI-VI quantum
dots

Among I-11I-VI QDs, Cu-based I-III-VI QDs have been exten-
sively studied for PEC and other applications. The properties
of QDs are intrinsically related to their atomic structure. In
other words, their properties can be regulated by structural
modifications at the atomic scale although the morphology of
QDs is similar at the nanometer scale. Li et al. demonstrated
enhanced PEC performance by fine-tuning the In/Cu ratios in
CulnSe, (CISe) QDs.>° Through the careful modulation of Lewis
acid-base reactions, it was possible to control the amount of
copper vacancies in the CISe QDs without changing their mor-
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Fig. 2 Characteristics of semiconductor I1-1lI-VI materials. (a) Classification and representative examples of 1-1ll-VI semiconductor materials. (b)
Schematic illustration displaying crystal structures of 1-111-VI materials. (c) Size-dependent bandgap of I-1l1-VI QDs. Adapted with permission from
ref. 49. Copyright 2018, American Chemical Society. (d) Composition-dependent bandgap of I-1lI-VI materials. Adapted with permission from ref.

47. Copyright 2023, Elsevier. (e) Diagram showing the band alignment of representative bulk semiconductor materials. Adapted with permission
from ref. 70. Copyright 2022, Wiley. (f) A graph showing size-dependent absorption coefficient of CulnS, quantum dots. Adapted with permission

from ref. 74. Copyright 2018, American Chemical Society.

phology. The resulting QDs were In-rich, and their In/Cu ratios
could be controlled from 1.29 to 1.83, depending on the acid
strength of Cu and In precursors (Fig. 3a and b). CISe QDs with
optimal In/Cu ratios (1.55 in this work) demonstrated excellent

electrical properties, as indicated by increased carrier concen-
tration and reduced trap density (Fig. 3c). Furthermore, these
CISe QDs (In/Cu ratio = 1.55) exhibited a prolonged average
carrier lifetime, which facilitates efficient charge carrier trans-
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Fig. 3 Defect engineering of Cu-based I-IlI-VI QDs for PEC hydrogen production. Transmission electron microscopy (TEM) images of ClSe QDs

with In/Cu ratio of (a) 1.29 and (b) 1.83. (c) Acceptor concentration (N,) and trap density (n.,,) of defect-engineered CISe QDs, and (d) their corres-
ponding current—voltage (J-V) curves. Adapted with permission from ref. 50. Copyright 2023, Wiley.
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fer. These synergistic characteristics resulted in the superior
photocurrent density of 10.7 mA em™> (Fig. 3d). It is noteworthy
that this enhancement can be achieved solely through control-
ling Cu defect concentration in QDs.

Meanwhile, introducing additional elements into QDs to
create alloy or doped QDs has been proven as an effective
approach in manipulating optical and electrical properties to
enhance PEC performances. For instance, Liu et al syn-
thesized quaternary alloyed CuZnInS; (CZIS) QDs, observing a
blue shift in optical bandgaps with increasing Zn content
(Fig. 4a).>" The resultant optical bandgaps of QDs with Cu: Zn
ratios of 1:0.5, 1:1, and 1:2 were estimated to be 2.0, 2.2,
and 2.3 eV, respectively, indicating the successful formation of
alloy structures. Alloying at a Cu:Zn ratio of 1:1 resulted in
higher incident photon-to-electron conversion efficiencies
(IPCE) for the visible light (380-560 nm) and a photocurrent
density of 4.4 mA ecm™?, attributable to a synergistic effect of
the composition-tuned optical properties and carrier transfer
dynamics of CZIS QDs (Fig. 4b).

Wang et al. demonstrated the synthesis of Mn-alloyed
CulnS, (MnCIS)/ZnS core/shell QDs via the heat-up method

View Article Online
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and fabricated PEC cells based on these QDs.”” X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), and
energy-dispersive X-ray (EDS) mapping results suggested suc-
cessful alloying of the Mn element and its homogeneous dis-
tribution (Fig. 4c). Both MnCIS/ZnS and CIS/ZnS QDs exhibit a
broad optical absorption range from approximately 300 nm to
700 nm (Fig. 4d). However, MnCIS/ZnS QDs have a wider
bandgap compared to CIS/ZnS QDs (Fig. 4e). This wider
bandgap positions the conduction band edge of MnCIS/ZnS
QDs above that of TiO,, resulting in a more favorable band
alignment. Furthermore, Mott-Schottky analysis indicates that
MnCIS/ZnS QD-sensitized photoanodes possess a higher
carrier concentration than their unalloyed counterparts,
making them more effective for solar energy capture and
enhancing charge transfer efficiency (Fig. 4f). The incorpor-
ation of Mn elements into CIS/ZnS QDs led to a reduction in
charge carrier recombination, as evidenced by an increased
carrier lifetime and decreased charge transfer resistance. The
MnCIS/ZnS core/shell QD-sensitized photoanodes achieved a
high photocurrent density up to 5.7 mA cm™2, coupled with
exceptional device stability.

-
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Fig. 4 Cu-based I-1lI-VI QDs with additional elements for PEC hydrogen production. (a) Optical properties of CZIS alloyed QDs, and (b) IPCE
curves of CZIS alloyed QD-based photoanodes. Adapted with permission from ref. 51. Copyright 2021, Royal Society of Chemistry. (c) XRD patterns,
(d) absorption spectra, (e) Tauc plots, and (f) Mott—Schottky plots of CIS/ZnS and MnCIS/ZnS QDs. Adapted with permission from ref. 52. Copyright
2020, Royal Society of Chemistry. (g) Schematic illustration depicting the synthesis of Mn-doped ClISe/ZnSe QDs. Adapted with permission from ref.
53. Copyright 2022, Springer. (h) Absorption and PL spectra of Cu-doped ZnInSe QDs with various Cu doping concentrations. (i) J-V curves of
photoanodes with optimized Cu-doped ZnIinSe QDs. Adapted with permission from ref. 54. Copyright 2021, Elsevier. (j) HR-TEM image of ClISeS
QDs. (k) J-V curves of CISeS/ZnS QD-based photoanodes. Adapted with permission from ref. 55. Copyright 2017, Elsevier.
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Meanwhile, Wang et al. explored the potential of Mn-doped
CISe/ZnSe core/shell QDs in PEC systems, introducing Mn ions
into the CISe core (Fig. 4¢).”* They found that the band align-
ment of Mn dopant states, positioned at the conduction band
edge between the CISe core and the ZnSe shell, facilitates elec-
tron delocalization and efficient charge carrier extraction. This
finally resulted in a high photocurrent density of 6.0 mA cm ™2,

Sometimes, the Cu element can be used as dopants in
other ternary QDs. Luo et al. reported on Cu-doped ZnInSe
QDs and their application in PEC photoanodes.’ They meticu-
lously optimized the percentage of Cu ions (ranging from
0-15%) and the Zn:In atomic ratio (1:1, 1:2, 1:4, and 1:6)
during the synthesis process to finely control the optical pro-
perties, band structure, charge carrier lifetime, and charge
transport of the QDs. By varying the Cu molar ratio in ZnInSe
QDs from 0% to 15%, they succeeded in adjusting the absorp-
tion edge from 547 nm to 647 nm (Fig. 4h). Specifically, Cu
(5%):ZnInSe-1:4 QDs exhibited an extended charge carrier
lifetime and more rapid charge carrier injection rates com-
pared to undoped ZnInSe QDs. This enhancement in carrier
dynamics for Cu(5%):ZnInSe-1:4 QDs promoted efficient
electron/hole pair separation. As a result, PEC devices incor-
porating these optimized QDs (Cu(5%): ZnInSe-1 : 4) onto TiO,
achieved exceptional saturated photocurrent density values of
approximately 11.23 mA cm™ at 0.8 Vi (Fig. 4i).

Alloying strategy can be applied for anion parts. Tong et al.
reported the development of anion-alloyed CulnSe,S,_, (CISeS)
QDs, which serve as high-efficiency sensitizers in PEC
devices.” CISeS QDs were synthesized using a thermal
decomposition method. High-resolution transmission electron
microscopy (HR-TEM) measurements confirmed the alloyed
composition (Fig. 4j). The PEC system utilizing the CISeS
photoanode achieved a saturated photocurrent density of
approximately 2.57 mA cm >, To mitigate surface traps on bare
CISeS QDs, a thin ZnS shell was formed on the core CISeS QDs
through cation exchange. The refined PEC cell employing
these core/shell CISeS/ZnS QDs exhibited decreased charge
recombination, significantly enhancing stability and achieving
a high saturated photocurrent density of around 5.3 mA cm™>
(Fig. 4Kk).

The modifications of QDs can be extended beyond the in-
organic parts of QDs. The surface ligand modification, as a
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post-synthesis treatment, is crucial because they play a critical
role in determining the properties of QDs. Park et al. investi-
gated the effects of mono- and bifunctional surface ligands on
PEC characteristics (Fig. 5a).>° CISe QDs with monofunctional
ligands (oleylamine (OAm)-passivated QDs in this study) can
be directly attached onto TiO, through the partial detachment
of the surface ligands. In contrast, bifunctional ligands (mer-
captopropionic acids in this study) act as intermediate linkers
between the QDs and TiO,. Thus, the QDs are connected to
the TiO, via these ligands, rather than making direct contact.
It was suggested that the direct contact was beneficial for the
electron transport between the QDs and TiO,; therefore, mono-
functional ligands were more favorable for efficient PEC hydro-
gen generation, evidenced by a notable photocurrent density
of 8.2 mA cm ™2 (Fig. 5b).

Cai et al. assessed charge dynamics at the interfaces of Zn-
doped CIS QDs-electrodes by using three different kinds of
surface ligands: short-chain monodentate, long-chain mono-
dentate, and short-chain bidentate.” They were 1-dodeca-
nethiol (DDT), OAm, and 3-mercaptopropionic acid (MPA),
respectively. Short-chain monodentate ligands (DDT in this
study) are advantageous for QDs in minimizing non-radiative
charge recombination. DDT ligand capping on QDs effectively
passivates surface defects/trap states and improves optical pro-
perties, outperforming QDs capped with OAm or MPA ligands.
This was evidenced by the extended average photo-
luminescence (PL) lifetime. Additionally, it facilitated the for-
mation of a close heterojunction with adjacent metal oxide
electrodes, promoting efficient photo-induced charge transfer/
injection, thereby boosting PEC performance. Electrochemical
impedance spectroscopy (EIS) Nyquist plots of QDs capped
with DDT revealed the lowest charge transfer resistance, corro-
borating their findings. Finally, they fabricated tandem PEC
cells based on these QDs. The device using DDT-capped QDs
attained a self-biased solar-to-hydrogen (STH) efficiency of up
to 0.65% over a 2 h operational period, as well as a higher
photocurrent density (3.8 mA cm™?) compared to the devices
using other ligand-capped QDs (Fig. 5c).

To further enhance the stability and efficiency of PEC water
splitting, the adoption of coating inorganic shells onto I-III-VI
QDs has become widespread. Core/shell structures can be typi-
cally classified into four types based on the band edge posi-
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Schematic diagram of the ClISeS QDs/BiVO, PEC water-splitting system. Adapted with permission from ref. 60. Copyright 2021, American Chemical
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tions of the core and shell materials (Fig. 6a).'® In Type-I struc-
tures, the conduction band edge of the core semiconductor
material is positioned below that of the shell material, and
conversely, the valence band edge of the core material is posi-
tioned above that of the shell material, leading to the confine-
ment of both carriers within the core.”®’” In reverse Type-I
structures, the band alignment is reversed, localizing both car-
riers within the shell.”® In Type-II structures, the conduction
and valence band edges of the shell are located either below or
above those of the core, facilitating spatial separation of elec-
tron and hole pairs within the QDs.>®>°

This journal is © The Royal Society of Chemistry 2024

These core/shell structures permit facile modification of the
optical properties of I-III-VI QDs through appropriate selec-
tion of shell materials. For example, Tong et al. reported the
development of giant CISe/CIS core/shell QDs with quasi-Type-
II band alignment using sequential cation exchange reactions,
which was starting from CdSe/CdS QDs (Fig. 6b).>® They
found, through theoretical simulations, that the squared
overlap integral of the electron and hole wave functions
depends on the thickness of the shell layer (Fig. 6¢), allowing
for controlled band alignment. As the shell layer thickness
increases, the squared overlap integral diminishes, indicating

Nanoscale, 2024, 16, 9295-9310 | 9301
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that the lifetime is expected to extend correspondingly. This
aligned qualitatively with the observed experimental results.
The resulting photoanodes, employing QDs with a 6-layer CIS
shell, exhibited a photocurrent density of 3.1 mA cm™?, which
is attributed to the quasi-Type-II band alignment.

PEC hydrogen production using core/shell QDs can be
further improved by finely tuning the shell thickness. You
et al. optimized the shell thickness of CuGaS, (CGS)/ZnSe
QDs, achieving a notable photocurrent density of 3.5 mA cm™>
in PEC devices (Fig. 6d).>® This represents a dramatic increase
compared to the bare CGS QDs without shell (0.6 mA cm™?),
resulting from the synergistic effects of passivating CGS core-
related surface traps and suppressing non-radiative recombina-
tion. The core-shell structure was also proven effective in
enhancing long-term stability. Devices utilizing optimally
layered ZnSe QDs also maintained 62% of their original photo-
current density after 2 hours of illumination (Fig. 6e). In con-
trast, devices with bare QDs maintained only 40% of their orig-
inal value.

Various combinations of core and shell materials have been
reported for PEC hydrogen production using Cu based I-11I-VI
core/shell QDs. Cai et al. reported CISeS/ZnS QD-sensitized
BiVO, photoanodes for PEC hydrogen generation (Fig. 6f).%°
Both the core CISeS and the core/shell CISeS/ZnS QDs exhibi-
ted a similar tetrahedral shape with a chalcopyrite phase. The
ZnS layer thickness is less than 1 nm. Despite its ultrathin
thickness, the ZnS shell effectively suppressed non-radiative
recombination, thereby improving the PEC performance with a
photocurrent density value of 3.17 mA cm™>. This value is 1.7
times higher than that of the core CISeS QD-based device. The
improvement was attributed to an additional hole migration
pathway in the core/shell CISeS/ZnS QDs: direct charge
migration from the QDs into the electrolyte due to their favor-
able band alignment. Conversely, this pathway can be sup-
pressed in core CISeS QDs because of mismatched band
alignment.

Channa et al attained a high photocurrent density of
6.5 mA cm™> using CGS/CdS core/shell QDs.®" The average dia-
meter of CGS QDs, as observed in TEM images, increased from
4 nm for the CGS core to 6 nm for the CGS/CdS core/shell
QDs, implying three monolayers of the CdS shell. Estimated
optical bandgaps from absorption spectra were 2.7 eV for the
CGS core and 2.5 eV for CGS/CdS core/shell QDs. The nar-
rowed bandgap of CGS/CdS core/shell QDs is advantageous for
augmenting solar absorption. Consequently, compared to the
photoanodes based on bare CGS QDs, the photoanodes utiliz-
ing CGS/CdS core/shell QDs demonstrated a significant
increase (about eightfold) in a saturated photocurrent density,
reaching around 6.5 mA cm™> (Fig. 6g). The photocurrent
density of photoanodes using CGS/CdS core/shell QDs main-
tained about 60% of their original value after two hours of illu-
mination, whereas those using CGS core QDs retained around
50% (Fig. 6h). To evaluate stability under ambient conditions,
both purified core and core/shell QD samples were left
exposed to the open air for 72 hours. Following this period,
the core QDs showed signs of degradation, as indicated by a
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change in color, while the core/shell QDs exhibited no notice-
able change. The photoanode with the degraded CGS core QDs
demonstrated a photocurrent density of about 0.3 mA cm™,
nearly identical to that of the bare TiO,-based photoanode.
Conversely, the CGS/CdS core/shell QD-based photoanode sus-
tained nearly the same photocurrent density for three months,
indicating enhanced stability compared to the CGS core QDs
under environmental conditions. Despite its superior PEC per-
formance, the shell layers of the QDs contained toxic Cd
elements.

It is critical to balance the shell thickness; excessive shell
layers can induce the lattice strain, deteriorating the optical
and electrochemical properties of the QDs.””"®* To overcome
this challenge, recent studies have introduced gradient multi-
shell structures (Fig. 6i).®> Gradient multi-shell QDs of CISe/
CISeS/CIS were synthesized using a sequential cation exchange
method from CdSe/CdSeS/CdS QDs, preserving the mor-
phology of the original QDs. This gradient multi-shell struc-
ture effectively mitigates lattice mismatch between the zinc
blende core (d-spacing of 0.338 nm) and the wurtzite shell
(d-spacing of 0.321 nm), and also enhances charge transfer
between the QDs and interfacial layers. As a result, a photo-
current density value of 4.5 mA cm™> was achieved, represent-
ing a 70% improvement over the single core/shell structure.
Moreover, the PEC device utilizing QDs with a gradient multi-
shell structure demonstrated greater stability than devices
employing QDs with either a single-shell structure or a core-
only structure. Specifically, photoanodes based on CISe, CISe/
CIS, and CISe/CISeS/CIS QDs retained 53%, 74%, and 83% of
their initial photocurrent density after two hours of illumina-
tion, respectively. This suggests that core/shell/shell structures
offer superior stability compared to core and core/shell
structures.

The core-shell structure offers another advantage: easy
interface engineering by controlling the thickness of the shell
layers. Wang et al. examined how shell thickness affects the
properties of CIS/CdS QDs.®® They investigated the band struc-
tures and dynamics of photoexcited charges using femtose-
cond transient absorption pump-probe spectra (Fig. 7a and b).
By comparing the CIS core to the CIS/CdS core/shell structure
QDs, it was observed that the recombination process was pro-
longed to hundreds of picoseconds after applying a CdS shell
to the CIS core. With a thicker CdS shell, an ultralong excited
state was noted. This thicker shell was shown to effectively pas-
sivate surface traps and suppress non-radiative recombination,
crucially modulating the interface between the core and shell.
Additionally, the formation of a quasi-type II band structure,
favorable for charge separation, was achieved by increasing the
shell thickness. As a result, a good photocurrent density of
6.0 mA cm™? was achieved, along with improved photon-to-
electron conversion efficiency in the 450 to 700 nm range
(Fig. 7c). The photoanode based on CIS/CdS QDs with a
thicker CdS shell also demonstrated notable stability, main-
taining 78.9% of its initial photocurrent density after 2 hours
of operation, a testament to the protective benefits of the
thicker shell (Fig. 7d).

This journal is © The Royal Society of Chemistry 2024
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Meanwhile, Tong et al. synthesized pyramidal-shaped
CISeS/CdSeS/CdS QDs and investigated interfacial modifi-
cations within the multi-shell structures.®* Initially, pyramidal-
shaped CISeS QDs were synthesized and purified (Fig. 7e).
Subsequently, Cd, Se, and S precursors were introduced to the
reaction mixture to facilitate the growth of shell layers (Fig. 7f-
h). The thicknesses of the CdSeS and CdS layers were finely
tuned by adjusting the volume of introduced precursors. For
QDs with medium-sized shell layers, the PL spectra gradually
red-shifted with increased layer thickness, suggesting electron
delocalization due to the added CdSeS layers (Fig. 7i). When
outer CdS layers were added, the PL peak positions displayed a
slight blue shift, attributed to the passivation from the wider
bandgap CdS. The extended PL lifetime observed in CISeS/
CdSeS/CdS QDs, compared to core CISeS QDs, indicated
reduced spatial electron-hole overlap and suppressed surface
charge carrier recombination, which are advantageous for PEC
applications. The PEC system employing CISeS/CdSeS/CdS
QDs with optimized shell thickness achieved a photocurrent
density of 5.5 mA cm™>, surpassing that of counterparts with
excessively thick shell layers. The PEC performances of Cu-
based QD-sensitized photoanodes are summarized in
Table 1.50764,83788

4. Silver-based I-1lI-VI quantum
dots

Ag-based I-III-VI QDs are another prominent category of I-1II-
VI QDs for PEC applications because of their non-toxic nature
and excellent optical and electrical properties. In particular,
they exhibit bandgap positions similar to those of Cu-based
counterparts (Fig. 2c-e). Although they share similar optical
properties, Ag-based I-III-VI materials exhibit several distinct

This journal is © The Royal Society of Chemistry 2024

aspects from their Cu-based counterp