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ABSTRACT: Since the invention of metal nanocluster (NC)-based photo-
electrochemical (PEC) devices, limited progress has been made in this area
due to various intricacies associated with this new class of photoactive
nanomaterials. Recent research has shown that NC−TiO2 photoelectrodes
possess charge separation and transfer complexities that are not seen in dye−
TiO2 or quantum dot−TiO2 photoelectrodes. Even the degradation
mechanism of NC-based photoelectrodes has a multitude of complexities,
such that the degradation of NCs can have a silver lining of introducing
plasmons to enhance charge separation in NC−TiO2 photoelectrodes.
Therefore, NC-based photoelectrodes require a comprehensive overview from
a photoelectrochemistry perspective to better understand these systems. In
this Perspective, we provide a review of recent progress in understanding the
degradation and charge transfer mechanisms of NC−TiO2 photoelectrodes.
We also provide an overview of the various methodologies to control the properties of NCs for PEC applications and how these
variables have been utilized to improve NC-based PEC device performance. Finally, we discuss the future of NC-based PEC devices
and highlight the immense research opportunities present in this field.

1. INTRODUCTION
Metal nanoclusters (NCs) lie in the gray area between the
realms of molecules and nanoparticles or nanocrystals.1,2

Molecules possess a discrete electronic structure, and metal
nanoparticles (NPs) are capable of surface plasmon resonance
(SPR) but still have continuous electronic structures like bulk
metals.3 However, when formed into extremely small particles
less than 2 nm, the quantum confinement of NCs becomes so
strong that a discrete electronic structure appears.4,5 The
continuous band structure is split into discrete highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels; in the case of Au, this
transition has been found to occur at around ∼200 Au
atoms.6,7 Hence, metal NCs possess a molecule-like discrete
electronic structure and are composed of a precise number of
metal atoms and ligands.8 However, unlike molecules, NCs can
also form type II heterostructures with wide band gap
semiconductors similar to quantum dots (QDs).9,10 Therefore,
metal NCs are considered neither NPs nor molecules. Hence,
most authors refer to them as molecule-like structures.
Metal NCs provide exciting new opportunities for various

applications, which stem from the fact that the properties of
NCs can be tuned with a wide variety of variables.11 Moreover,
NCs possess many unique aspects that do not exist in
traditional sensitizers, such as dyes or QDs.9,12−14 The
bandgap of QDs is proportional to their size;15,16 hence, the
size of the NCs seems to be an obvious variable in controlling

the optoelectronic properties of the NCs.17 Although NCs do
show a size dependency of the HOMO−LUMO (HL) gap and
excited-state properties (as early research has suggested), this
dependency is short-ranged and cannot be generalized.18,19 In
general, NCs do not follow the scaling law; therefore, their
properties show more significant dependency on structure than
size. For example, the synthesis of an Au NC with a body-
centered cubic (bcc) structure instead of a hexagonal close-
packed (hcp) structure can increase the excited-state lifetime
by 3 orders of magnitude.20−22

The doping of NCs is perhaps the easiest variable to control
for tuning NCs for photoelectrochemical (PEC) applica-
tions.23−26 Doping NCs, even with a single heteroatom, can
cause a dramatic shift in their properties.27,28 The introduction
of a single Ag atom into Au18(SR)14 increases its extinction
coefficient, photoluminescence (PL) lifetime, and recombina-
tion resistance.29 Doping is also significant for PEC from a
design perspective because dye−TiO2 photoelectrodes usually
require a cocatalyst for effective PEC applications. However,
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doping NCs with suitable heteroatoms can tune their catalytic
ability toward the desired reaction and eliminate the need for a
cocatalyst. For example, Choi et al.30 introduced a Pt atom into
Au25(SR)18 and Au38(SR)24 cores and showed that their
catalytic activity in the hydrogen evolution reaction was
significantly improved. This was attributed to the reduced
Gibbs free energy for H2 binding with the doped NCs. Ag-
doping of Au25(SR)18 NCs can also improve their oxygen
reduction reaction activity.31 Catalytic activities of NCs for
various reactions have been well summarized in a recent review
article.32

Ligand engineering is another NC property control variable,
which can be employed in two different ways:33−37 either (i)
by controlling the metal-binding functional group in the
ligand,38 typically thiols or selenol, or (ii) by controlling the
organic chain length of the ligand.33,39 Similar to doping,
ligand engineering does not change the structure of the NCs,
but it can still significantly tune their properties for a specific
purpose. Kurashige et al.38,40 showed that replacing the thiol
group with selenol can improve the stability of NCs. Co-
protecting the NCs with negatively and positively charged
ligands can produce additional absorption peaks via surface
charge anisotropy.33 Moreover, the introduction of electron-
rich functional groups in the ligand chain can also enhance the
PL of thiol-protected NCs.39 Virtually, all the progress in the
use of NCs for PEC devices can be attributed to the advent of
glutathione (GSH)-protected NCs.11,41 GSH contains two
carboxylic functional groups, and GSH-protected NCs are
water-soluble, making it possible to load a large number of
NCs on a TiO2 surface via pH-assisted adsorption.

42,43 GSH-
protected NCs also possess very high photochemical stability
compared to organosoluble NCs.
The general role of the sensitizer is to extend the absorption

capacity of wide bandgap semiconductors to the visible and
near-infrared regions of the solar spectrum.44 Dye molecules
and QDs are two classes of sensitizers that have been
researched extensively; however, the performance improve-

ments of PEC devices based on these classes of sensitizers have
plateaued.45 Therefore, NCs provide new opportunities to
design new PEC devices for effective light harvesting. The NC-
based PEC solar cell device was invented in 2010, but it
showed a limited performance output.46 Later, the Kamat
group47 demonstrated a power conversion efficiency (PCE) of
2.3% with GSH-stabilized NCs and introduced the term
“metal-cluster-sensitized solar cells (MCSSCs)”. Our group
studied the size-dependent PCE of GSH-protected Au NCs
and demonstrated a PCE of 3.80%.48 Recently, a PCE of 4.22%
has also been achieved with Ag-doped Au18(SR)14 NCs as a
sensitizer.29 However, progress in the field of NCs for light
harvesting has been slow compared to other technologies such
as perovskite solar cells.49 This can be attributed to the
difficulty in fabricating stable devices and the lack of a
mechanistic understanding of the behavior of NCs in such
devices.
As was discovered recently, the hole transfer mechanism

from NC−TiO2 photoelectrodes is also complicated due to
various unforeseen processes at the NC−TiO2 interface.

13,50

Adsorption of NCs on TiO2 creates a large number of surface
states that can enhance recombination.9 Moreover, the hole
transfer mechanism in NC−TiO2 photoelectrodes was found
to be size and electrolyte dependent.13,50 The degradation
mechanism in NCs is also not straightforward; they can either
decompose or coalesce into NPs, which can introduce
plasmon-induced mechanisms.51,52 Even more interestingly,
the adsorption mode of NCs with TiO2 appears to play a
dramatic role in the recombination behavior and hysteresis in
MCSSCs.12 All these observations require a fresh look at the
field of NC research. In this Perspective, we have reviewed
recent progress in understanding NC-based PEC devices’
charge transfer processes and degradation mechanisms. We
have also reviewed the literature about controlling the
optoelectronic properties of NCs and how those controls
have been utilized to design PEC devices.

Figure 1. (A) Schematic representation of photoinduced etching and the transformation to nanoparticles and the resulting change in the UV−vis
absorption spectra. Adapted from ref 14. Copyright 2019 American Chemical Society. (B) Schematic illustration of the interaction of light with
NCs before and after photoetching. Adapted with permission from ref 61. Copyright 2015 Royal Society of Chemistry.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Perspective

https://doi.org/10.1021/acs.jpcc.2c05301
J. Phys. Chem. C 2022, 126, 16928−16942

16929

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05301?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05301?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05301?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05301?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. PHOTO-INDUCED TRANSFORMATION AND
ETCHING

The interactions of NCs with light lead to various phenomena
that need to be understood to effectively use NCs for PEC
applications. When NCs are excited by photon absorption in
the solution phase, they dissipate that energy via radiative or
nonradiative recombination.53−56 However, NCs are primarily
used as sensitizers in photoelectrochemistry to broaden the
absorption capacity of wide bandgap semiconductors such as
TiO2. This configuration leads to two interesting phenomena
to dissipate the absorbed energy: photoinduced transformation
to NPs and etching (Figure 1A).9,14,57−60

The primary purpose of an efficient sensitizer is to absorb
light and create excitons with long lifetimes for charge
separation. After the NCs absorb the photon, an exciton is
generated, which consists of an electron−hole pair. Electrons
reside at the LUMO level, and holes reside at the HOMO
level. The electron is then transferred to the TiO2 conduction
band, and the hole needs to be transferred to the electrolyte to
regenerate the NCs. Electron and hole transfer efficiencies
depend on various factors, which will be discussed later. If the
hole transfer is not efficient, it can lead to the accumulation of
positive charges in the NCs. The accumulated charge can cause
the oxidation of NCs and create metallic ions, which leads to a
decrease in the size of the NCs; this process is called
photoinduced etching.14,61 As the absorption edge of NCs is
usually directly proportional to the size of the NCs, a decrease
in the size of the NCs helps them circumvent the absorption of
incident light. For example, if NCs are irradiated with light of
wavelength λ, the etching process will continue until the NC
sizes decrease to the extent when NCs can no longer absorb
light of the wavelength λ (Figure 1B). UV−vis absorption
spectroscopy can easily identify this mechanism because the
etching of NCs decreases the absorption edge of the NCs
(Figure 1A).
In the absence of effective hole transfer from NCs, another

mechanism also appeared that can help NCs dissipate the
absorbed energy. Light irradiation also causes photoinduced
diffusion of NCs on the TiO2 surface. This process can lead to
the coalescence of NCs into larger NPs. The growth of NCs
into larger NCs and eventually to the NP realm destroys their
discrete electronic structure. The disappearance of discrete
electronic structures also causes the appearance of SPR
absorption. Therefore, larger NPs can dissipate the absorbed
energy as phonons without the need for charge transfer. Thus,
the effective removal of holes from NCs is crucial for their
long-term stability. This mechanism can also be detected by
UV−vis absorption spectroscopy as an increase in the
absorption of the photoelectrodes and the appearance of a
surface plasmon peak (Figure 1A). Transmission electron
microscopy can also be used to observe the formation of larger
NPs.
Which NC degradation mechanism will be present depends

on the structure of the NC photoelectrode. Kogo et al.61

observed that shining a 760 nm light on the Ag NCs supported
on a TiO2 crystal caused the etching of the NCs. The etching
of NCs continued until the absorption edge of the NCs shifted
to a shorter wavelength than 760 nm. However, Khan et al.9

observed that Au NCs transformed to larger NPs upon light
exposure. Abbas et al.14 also observed that Ag NCs coalesce
into larger NPs under irradiation. Therefore, it is important to
identify the factors that could lead to the occurrence of certain

NC degradation mechanisms. Two possible reasons for this
exist. First, it could be due to the type of exposed light. If a
monochromatic light of a single wavelength is used, the etching
process is a viable option to prevent the buildup of positive
charges in the NCs. All light-induced processes would cease
once the NC size has been reduced to the point that they lose
the ability to absorb an irradiated photon. However, under
exposure to a continuum of light (e.g., simulated solar
spectrum), the etching process would only stop if NCs
disappeared completely.
Another process that needs to be considered is the

photoinduced diffusion of NCs. NCs experience photoinduced
diffusion upon exposure to light. If they can get together, then
they can merge into larger NPs and dissipate the incident
energy via SPR. So far, the etching of NCs has been observed
on a single crystal TiO2 substrate, and the formation of NPs
has been observed on a mesoporous TiO2 substrate. We
believe that distances among the NCs may play a key role. On
a mesoporous TiO2 substrate, a large number of NCs are
adsorbed with an average distance of ∼10 nm. Therefore, NCs
would be able to get together and form larger particles via
light-induced diffusion. However, the distance between NCs
on a single crystal substrate is usually much larger (∼200 nm).
On a single crystal substrate, NCs would also experience light-
induced diffusion; however, they undergo the oxidation
process before the NCs could merge and form larger particles.
Once their size has reduced to the point that they do not
absorb the incident light, the light-induced diffusion stops.
Hence, the etching mechanism is observed as the degradation
process.
The transformation of NCs into plasmonic NPs has

enormous implications for PEC performance. At first glance,
the transformation process can be considered a photocurrent
degradation mechanism. As the number of NPs on the oxide
electrode surface increases, the number of NCs is reduced,
resulting in a loss of photocurrent. However, plasmonic NPs
can also positively impact charge separation processes. Surface
plasmon enhanced charge separation is a well-documented
process.52,62−65 Therefore, the presence of a certain number of
NPs could be beneficial. However, NPs could also act as
recombination centers. Consequently, a continuous and
unhindered photoinduced growth of NCs to NPs is
detrimental. Hence, a balance between the number of NPs
and NCs on the oxide semiconductor surface is critical to
achieve improved performance. In the Au25−TiO2 photo-
electrode, an SPR-enhanced photocurrent has already been
achieved.9 The impact of plasmonic NPs on charge separation
will be discussed in more detail in the latter part of this
Perspective.
It has also been observed that Ag NCs transform into NPs

more rapidly than Au NCs.66 However, is the transformation
process size dependent? If yes, is it only due to the hole
transfer ability of the NCs or is it also related to the
thermodynamic stability of the NCs? All these questions
remain unanswered, and further research is underway in our
laboratory to answer these questions.

3. CORE ENGINEERING
Structurally, NCs have two important components that can be
used to control their electronic structure and excited-state
behavior: surface ligand−metal motifs and a metallic core.
Changes in surface ligands have been widely used to tune the
optoelectronic properties of NCs.34−36 However, the core
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restructuring of the NCs also impacts the optoelectronic
behavior of the NCs. Therefore, unlike large NPs, NCs
typically do not follow the scaling law because the properties of
the NCs can be significantly influenced by changes in the core
structure.67 The observation of subnanosecond to microsecond
long excited-state lifetimes has been attributed to the core
structure of the NCs.22 In some Au NCs, the core structure
consists of an arrangement of Au4 tetrahedrons that can be
arranged into face-centered cubic ( fcc), bcc, or hcp
structures.68−70 The bcc core structure of Au NCs can produce
an excited-state lifetime of several microseconds, but excited
electrons decay to the ground state within ∼1 ns in an hcp
core.22 In these NCs, the charge transfer processes are mostly
centered at the core of the NCs. However, in NCs that do not
exhibit these structures, the excited-state behavior is dictated
by the ligand-to-metal charge transfer process.19,71 Even in
those NCs, the core can be tuned to achieve a desired excited-
state behavior from NCs.
Our group demonstrated this behavior on Au25(SR)18 NCs

as a model system.72 We used a simple chemical etching
process to transform Au25(SR)18 to Au23(SR)16 NCs. This
process removed two Au atoms from the oligomer shell and
restructured the core from an Au13 icosahedron to an Au15
cuboctahedron. Au23(SR)16 displayed almost ten times higher
PL than Au25(SR)18 due to this simple change in core structure
(Figure 2A). The increased PL intensity was also reflected in
the prolonged PL lifetime of Au23(SR)16 to 221 ns compared
to 47.5 ns of Au25(SR)18 (Figure 2B). The change in core
structure influenced the recombination mechanism of
Au23(SR)16 at a fundamental level. In Au25(SR)18 NCs, the
PL mechanism is ascribed to ligand-to-metal charge transfer
(Figure 2C).54,73 Hence, the Au(I)-ligand shell dictates the PL
of the behavior of Au25(SR)18 NCs, and the long-lived triplet
state that acts as a reservoir for PL is located at the ligand shell.
In Au23(SR)16 NCs, however, the recombination pathways are
solely centered at the Au15 kernel, and the ligand shell does not
play a significant role.74 Furthermore, in Au25(SR)18 NCs, the
core is usually the center of the high nonradiative
recombination rate. However, the change of the Au13

icosahedron to the Au15 cuboctahedron reduced the core
relaxation in Au23(SR)16.

72 The reduced vibrational freedom
decreased the nonradiative recombination that was predom-
inant in Au25(SR)18 and thus enhanced the PL of Au23(SR)16.
However, the purpose of NCs in PEC applications is to

achieve higher photocurrent, which requires efficient charge
injection into the oxide film. Therefore, a high PL may not
necessarily bear fruit in a PEC device. In a typical PEC device,
NCs are attached to the mesoporous TiO2 surface to be used
as a photoelectrode. In Au23(SR)16, the PL was centered at the
core of the NCs. Hence, the long-lived excited states are
located in the core of the NCs, farther away from the NC
surface, which is usually attached to the oxide surface. This
increased distance between the TiO2 surface and long-lived
excited states of Au23(SR)16 did not increase the charge
injection significantly compared to Au25(SR)18. Nonetheless,
when an Au23−TiO2 photoelectrode was used in solar cell
applications, the PCE increased from 2.42% to 3.67%. Au23-
sensitized solar cells (Au23-SSCs) showed a considerable
increase in both the short-circuit current density (Jsc) and
open-circuit voltage (Voc). This increased PEC performance
was mainly attributed to the recombination behavior of the
Au23−TiO2 photoelectrodes. The attachment of Au23(SR)16 to
the TiO2 surface produced greater band bending compared to
Au25−TiO2, which reduced the electron recombination with
the NCs. Moreover, the β parameter used to identify the
recombination pathways in the sensitized solar cells was 0.58 in
the Au23-SSCs compared to 0.39 in the Au25-SSCs. In the β
recombination model, a value of 0.5−0.7 signifies the minimal
role of the sensitizer in the recombination.75 A value lower
than 0.5 shows that the sensitizer plays an active role in the
recombination.76 Therefore, while the charge injection for
Au23-SSC was similar to that for Au25-SSC, the direct
recombination with NCs was significantly reduced, which
increased the PEC performance. These results highlight that
core restructuring is an important tool for optical applications
as well as optoelectronic applications of the NCs.

Figure 2. (A) Steady-state PL intensity and (B) PL lifetimes of Au25(SR)18 and Au23(SR)16 NCs. (C) Illustration of excited-state decay pathways in
Au25(SR)18 and Au23(SR)16 NCs. Adapted from ref 72. Copyright 2021 American Chemical Society.
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4. LIGAND ENGINEERING
Ligands play an indispensable role in the determination of the
optical and optoelectronic properties of the NCs. Ligands both
protect the NCs and actively participate in the determination
of the electronic structure of the NCs.5,40,77−79 For example,
the sulfur atoms in thiolated NCs contribute significantly to
the HOMO and LUMO.80,81 Moreover, the ligand-to-metal
charge transfer is usually the dominant mechanism for the PL
of most NCs.54,71,82 The triplet states responsible for the long
lifetime of the NCs are also situated in the oligomer shell.
Hence, NCs are more similar to organometallic molecules than
QDs with respect to their electronic structure. Wu and Jin39

systematically showed the effect of ligands on the PL of
thiolated Au25(SR)18 NCs. The PL of Au NCs depends on the
electron-donating ability of the protecting ligand (Figure 3A).
Therefore, electron-rich functional groups in the ligand chain
increased the PL of the NCs. The electron donation of ligands
can also be enhanced if the core of the NCs has a positive
charge. Ito et al.83 also showed that tuning the ligand
functional groups is a key to enhancing the PL of the NCs
(Figure 3B). The nonradiative recombination in NCs can be
suppressed by reducing the relaxation in the oligomer shell.84

Pyo et al.56 achieved a quantum yield of 60% via rigidification

of the oligomer shell of the Au22(SR)18 NCs by tetraocty-
lammonium cation wrapping.
As stated before, the excited-state lifetime of NCs depends

strongly on the protecting ligand. Moreover, long excited-state
lifetimes are essential for the efficient use of NCs in light
harvesting applications. Hence, ligands also play a crucial role
in successfully utilizing NCs in PEC applications. This is the
reason why almost all publications on NC utilization in PEC
applications make use of GSH-protected NCs.11,41,46,85,86 This
is mainly because of their exceptional photochemical stability
and long excited-state lifetimes.71 While the GSH-protected Au
NCs display good stability in corrosive I−/I3− redox environ-
ments, GSH-protected Ag NCs decompose readily, even in
mild Co2+/Co3+ redox environments (Figure 3C).48,87,88

Iodide is very corrosive to gold. Therefore, GSH-protected
Au NCs that can withstand the I−/I3− redox environment is
extraordinary. However, the GSH shell was unable to protect
Ag NCs even from the Co2+/Co3+ redox couple. Therefore, a
thicker shell was required to isolate the Ag atoms from the
redox environment. Hence, Ag(I)-thiolate oligomers were
condensed onto the Ag NC by pH manipulation to form a
core−shell structure (Figure 3C). These Ag(0)/Ag(I)-thiolate

Figure 3. (A) Steady-state PL intensity of Au25(SR)18 NCs protected with various ligands. Adapted from ref 39. Copyright 2010 American
Chemical Society. (B) Radiative (kr) and nonradiative (knr) recombination of Au22(C�CR)18 NCs protected with various ligands. Adapted from
ref 83. Copyright 2019 American Chemical Society. (C) Schematic illustration of current−voltage (J−V) curves and stability of MCSSCs based on
conventional and AIE-type core−shell Ag NCs. Adapted from ref 87. Copyright 2019 American Chemical Society.
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core−shell structures significantly improved the stability of the
Ag NCs in solar cells.87

5. SIZE CONTROL
Excited-state dynamics have a complicated relationship with
the size of the NCs.19,69 Usually, an increase in the NC size
decreases its HL gap, and it reduces its excited-state lifetime.19

However, NCs do not strictly follow the scaling law, especially
when NCs consist of 50 or fewer metallic atoms.18,70 The
Kamat group carried out one of the first studies about the
excited-state dynamics of the NCs.19,71 They studied the
excited-state behavior of four GSH-stabilized, water-soluble
NCs and found a correlation between the size and excited-state
lifetime (Figure 4A). Interestingly, the excited-state lifetime of
the NCs with a core showed a short and a long component,
but homoleptic NCs (which do not have a metallic core) did
not show any short relaxation.89 Therefore, the short lifetime
component was linked to the relaxation within the core, and
the long component was attributed to the ligand-to-metal
charge transfer. Kwak et al.90 also found that NCs with a wider
HL gap showed longer excited-state lifetimes. This is in sharp
contrast to the QDs, which show a decrease in the lifetime
when they are formed into smaller sizes.91,92 Hence, QDs with
large bandgaps show faster excited-state decay. This is mainly
attributed to the larger number of surface states in smaller QDs
due to the high surface area. However, recent studies suggest
that NCs have only a weak correlation with size and excited-
state lifetimes.67 It is hard to make a simple correlation
between the NC’s size and excited-state lifetime due to the
huge variation in the lifetime of NCs caused by structural

varieties. For example, in fcc structured Au NCs, an increase in
size increases their excited-state lifetime (Figure 4B).69

The complicated relationship between NC size and
optoelectronic properties is also reflected in the solar cell
performance of MCSSCs. Abbas et al.48 studied the effect of
NC size on solar cell performance with Au10−12(SR)10−12,
Au15(SR)13, Au18(SR)14, and Au25(SR)18 NCs. These four NCs
seemed to follow the scaling law, as the size increase was
associated with a decrease in the HL gap. Among these four
NCs, Au18(SR)14 was the best sensitizer (Figure 4C). It
showed the highest PCE of 3.80%. However, an increase in the
size beyond Au18(SR)14 decreased the PCE to 2.81% due to
the high recombination rate in Au25(SR)18 (Figure 4D).
However, recent studies have indicated that the PCE
performance of NCs correlates more with structure than size.
For example, Au22(SR)18 is larger than Au18(SR)14 and has a
wider HL gap.12 Au23(SR)16 NCs have also been reported to
possess a PCE of 3.67% and a long PL lifetime.72 Even in PEC
devices, Au NCs have shown hole transfer mechanisms that
depend on size, but more research is needed to fill the gap and
understand the size, structure, and excited-state correlations in
working PEC devices.13,50

6. SLUGGISH REGENERATION
Although NCs of other elements have been prepared, Ag and
Au NCs are the main candidates for PEC applications due to
their photochemical stability. However, the stability of NCs for
PEC applications still requires much attention. As discussed
earlier, NCs can either degrade via complete oxidation into
ions or transform into NPs. Besides chemical corrosion by the
electrolytes, sluggish regeneration by hole transfer to the

Figure 4. (A) Transient absorption (TA) excited-state lifetimes and charge transfer efficiencies (Φet) of Au10−12, Au15, Au18, and Au25 NCs.
Adapted from ref 19. Copyright 2014 American Chemical Society. (B) TA lifetimes and HL gap of various fcc Au NCs. Adapted from ref 69.
Copyright 2017 American Chemical Society. (C) Current−voltage (J−V) curves and (D) recombination resistance (Rr) of MCSSCs based on
Au10−12, Au15, Au18, and Au25 NCs. Adapted from ref 48. Copyright 2016 American Chemical Society.
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electrolyte is the major reason for NC degradation. Both Au
and Ag NCs suffer from inefficient hole transfer to the
electrolyte. However, this problem is more profound in Ag
NCs.
There are four major components to photocurrent

generation in photoelectrodes that include light harvesting,
charge injection, regeneration, and charge collection efficien-
cies.93 Abbas et al.66 used Ag and Au NCs of similar light
harvesting, charge injection, and charge collection efficiencies
to discern the effect of NC regeneration on the solar cell device
performance (Figure 5A). Interestingly, there was a significant
difference in the regeneration efficiency of Ag and Au NCs,
which was also reflected in the device stability. When a photon
is absorbed and an exciton is created, the electron from the
LUMO of NC is injected into the TiO2 conduction band, and
the hole is left in the HOMO of the NC. The hole from the
NC needs to be transferred to the electrolyte to regenerate the
neutral state of the NC. The HOMO typically has the highest
contribution from the metallic atoms in the core of the NCs.94

Therefore, oxidation of the NC core occurs if the hole is not
transferred effectively to the electrolyte. Hence, oxidation of
the NCs combined with the photoinduced diffusion led to the
formation of large plasmonic NPs on the TiO2 surface. Due to
the slow regeneration, Ag-SSC can degrade to 40% of the
initial current within 30 min, but Au-SSC can sustain
prolonged operation in the Co2+/Co3+ redox environment
(Figure 5B).
Therefore, different regeneration rates can lead to different

rates of NP formation among Au and Ag NCs. This process
has been observed by transient absorption spectroscopy (TAS)
in Au−TiO2 and Ag−TiO2 photoelectrodes. In TAS, the SPR
usually appears as a bleaching signal and molecular excited
states appear as positive signals.95,96 The bleaching signals of
Ag NPs and Au NPs are typically located at 520 and 460 nm,

respectively.96−98 However, their location can vary depending
upon the shape and other characteristics of the NPs.99

Continuous TAS measurements under continuous laser
exposure showed a significant difference between the Au and
Ag NCs (Figure 5C−F). An NP bleaching signal was observed
in both NCs. However, the growth of the plasmonic signal was
an order of magnitude higher in Ag−TiO2 films than in Au−
TiO2. Therefore, sluggish regeneration is one of the major
bottlenecks in Ag NCs, which limits their use in PEC
applications.

7. HETEROATOM DOPING
Metal NCs consist of a precise and small number of metallic
atoms. Unlike QDs, doping the NCs even with a single
heteroatom can dramatically change their properties.27,100−102

Moreover, dopant atoms can also be chosen to tune properties
for a specific application. For example, Pt and Pd possess high
catalytic abilities; therefore, doping the Au NCs with a single
Pt or Pd atom significantly increases their catalytic abilities.23,30

Ag is usually a good candidate for improving the optical
properties of NCs because an absence of Landau damping in
Ag can be the source of a higher extinction coefficient in the
doped NC.103 As discussed in the previous section, Ag NCs
suffer from severely low regeneration efficiency. However, Ag-
SSCs do possess better recombination kinetics than Au-SSCs.
Furthermore, Ag NCs typically have higher extinction
coefficients than Au NCs. Therefore, the combination of the
benefits of Au and Ag elements is an obvious path to improve
the performance of NC-based PEC devices. Doping of Au NCs
with Ag atoms can increase the extinction coefficient of the
NCs but can also cause a blue shift in the absorption edge of
the NCs due to a weaker relativistic effect in Ag compared to
Au.25,31,104,105 Moreover, Ag atoms also have inherently low
chemical stability. Therefore, fine-tuning of Ag content in Au

Figure 5. (A) Comparison of various mechanistic processes in photocurrent generation in Au-SSC and Ag-SSC. (B) Photocurrent stability of Au-
SSC and Ag-SSC. (C, E) Transient absorption spectra and (D, F) growth of bleaching signals of Au−TiO2 and Ag−TiO2 photoelectrodes,
respectively. Adapted from ref 66. Copyright 2020 American Chemical Society.
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NCs is required for an optimal performance increase of PEC
devices.
Our group investigated the effect of Ag-doping on the solar

performance of Au18(SR)14-based MCSSCs.
29 We systemati-

cally doped Au18(SR)14 with up to four Ag atoms to study its
impact on solar cell performance. As predicted by the
theoretical study, the incorporation of Ag atoms increased
the extinction coefficient of the AgxAu18−x(SR)14 NCs (Figure
6A). Furthermore, the increase in the absorption was directly
correlated with the number of Ag atoms introduced into the
AgxAu18−x(SR)14 structure. However, the absorption range was
slightly reduced by Ag-doping because the absorption edge of
the AgxAu18−x(SR)14 NCs was blue-shifted due to a wider gap
between the 4d and 5s electrons in the Ag atoms. Hence, the
replacement of some of the Au atoms in the AgxAu18−x(SR)14
structure increased the HL gap of the NCs (Figure 6B).
Interestingly, this increase in the HL gap came mostly via a
shift in the LUMO level (Figure 6C). The HOMO level did
not significantly change due to the Ag-doping, but the LUMO
level moved toward lower energy vs vacuum. In AgAu alloy
clusters, the HOMO level originated from Au atoms and the
LUMO, from Ag atoms.106 Therefore, Ag-doping of Au NCs
causes an increase in extinction coefficient and a decrease in
the HL gap from the shift of the LUMO level.
When AgxAu18−x(SR)14 NCs were used as a sensitizer, a

PCE of 4.22% was achieved (Figure 6D), which is the highest
reported PCE of MCSSCs to date. However, this PCE was
achieved with AgAu17(SR)14 NCs containing only a single Ag
atom. The introduction of a higher number of Ag atoms led to
a dramatic decrease in the photocurrent and photovoltage (and

consequently the PCE). This decrease was attributed to lower
charge injection and lower recombination resistance. However,
the stability results were more surprising. As Ag NCs suffer
from severe photochemical stability issues, we expected that
the stability of Au18(SR)14 would decrease with the Ag-doping.
This fact was confirmed for AgxAu18−x(SR)14 NCs that
contained four Ag atoms (Figure 6E). However, the
incorporation of up to three Ag atoms in the AgxAu18−x(SR)14
NCs did not cause a decrease in the stability. Instead, doping
with a single Ag atom caused a slight increase in stability. This
preservation of AgxAu18−x(SR)14 NC stability was attributed to
the location of the Ag atom. As the Ag atom was present in the
core of the NC, it can avoid direct contact with the electrolyte,
which can cause chemical corrosion of the NC. These
observations have huge implications for developing NCs as
optoelectronic materials for PEC applications because doping
of Au NCs can provide higher absorption and lower
recombination while maintaining the integrity of the NCs in
long-term operations. However, this could only be achieved if
Ag is doped in an appropriate amount and Ag atoms are
incorporated into the core of the NCs. Moreover, it should be
noted that only a limited amount of research is available on
this subject. Further research could discover new mechanisms
that can facilitate the improvement of PEC devices via
heteroatomic doping of NCs.

8. NANOCLUSTER OXIDE INTERFACE
TiO2 is the most common substrate for building solar cells and
PEC devices using NCs. One of the fascinating aspects of NCs
is the NC−TiO2 interface compared to QD−TiO2 and dye−

Figure 6. (A) UV−vis absorption spectra, (B) square wave voltammograms (SWVs), (C) HOMO−LUMO energy levels, (D) J−V curves, and (E)
stability of NC-1 [Au18(SR)14], NC-2 [Au18−xAgx(SR)14, x ≤ 2], NC-3 [Au18−xAgx(SR)14, x ≤ 3], and NC-4 [Au18−xAgx(SR)14, 1 ≤ x ≤ 4] NCs
and their MCSSCs. Adapted with permission from ref 29. Copyright 2020 Royal Society of Chemistry.
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TiO2 interfaces.
41 NCs possess a discrete electronic structure

similar to organic and organometallic compounds. However,
similar to QDs,107−109 NCs can also form type II
heterostructures with TiO2 and act as small bandgap
semiconductors.9,10,41,110 The band bending at the NC−TiO2
interface that facilitates charge separation depends on the
nature of the NCs. The presence of plasmonic NPs in
combination with NCs is also important in that regard.
However, the adsorption of the NC on the TiO2 surface also
adversely affects the interface by creating and activating many
additional surface states. Therefore, the NC−TiO2 interface
requires a deeper look to understand its behavior in PEC
devices because such unique aspects of the NC also bring
several variables into play to control the charge separation and
transfer dynamics in NC−TiO2 photoelectrodes.

8.1. Charge Separation. NCs, despite their molecule-like
discrete electronic structure, act as small bandgap semi-
conductors when adsorbed onto the TiO2 surface and form a
type II heterostructure. This is an important aspect because an
upward band bending at the NC−TiO2 interface forces the
electrons to move away from the interface and reduces the
recombination with the electrolyte and NCs. Wang et al.10 first
reported this observation with Ag44−TiO2 photoelectrodes.
The adsorption of Ag44(SR)30 NCs on TiO2 caused an upward
band bending of 0.7 eV. Since then, band bending has also
been reported in Au23−TiO2 and Au25−TiO2 photoelectr-
odes.9,72 These results highlight the dual nature of NCs in that
they act as molecules and small bandgap semiconductors. This
property could be beneficial in the design of efficient light
harvesting devices.
As discussed in Section 2, NCs can transform into plasmonic

NPs upon irradiation. Although a continuous transformation of
NCs to NPs would eventually lead to the loss of functionality
in the PEC device, the presence of NPs in small numbers can
also bring synergistic beneficial effects. One of these effects is
the plasmon-enhanced charge separation. In the literature,
however, reports of both beneficial and detrimental effects of
the presence of NPs along with NCs exist (Figure 7A). Xiao et
al.57,111 reported that NPs act as a mediator between NCs and
TiO2 to enhance charge separation. This mechanism can be
observed as reduced PL intensity of the NCs due to rapid
charge transfer between NCs and NPs. In contrast, our group
reported a 3-fold increase in the PL and prolonged PL lifetime
when NPs were present simultaneously with NCs.9 We
attributed this behavior to the plasmonic field effect. In

addition, plasmonic NPs are electron reservoirs and can act as
recombination centers. Using TAS, Abbas et al.14 reported that
NPs can simultaneously enhance the charge separation and
recombination in the NC−NP−TiO2 photoelectrodes.
Along with the plasmonic PL enhancement effect and acting

as recombination centers, NPs also profoundly affect the NC−
TiO2 interface structure (Figure 7B,C). For example, the
Au25−TiO2 photoelectrode exhibited a band bending of 0.11
eV, which can be enhanced to 0.54 eV if some Au25(SR)18 NCs
are transformed into NPs.9 Therefore, Au25−NP−TiO2 shows
a dramatic increase in the charge separation compared to the
Au25−TiO2 photoelectrode. Hence, from an interface
perspective, the presence of NPs along with NCs is immensely
beneficial. However, which mechanism will be present depends
on the various factors; one such factor is the distance between
the NCs and NPs. The quenching or recombination
mechanism between the NC and NPs is usually active only
in the 5 nm range.62,112,113 Therefore, NCs need to be in close
proximity to NPs for effective quenching but plasmon-
enhanced charge separation can occur up to 20 nm away
from the NPs.114−117 Hence, NCs can benefit from increased
charge separation without rapid self-recombination. This
implies that a small number of NPs on the TiO2 surface in
combination with NCs could produce more efficient PEC
devices. This assertion was demonstrated by our group
recently, where we transformed some of the Au25(SR)18 NCs
to NPs and revealed a significant enhancement in the
photocurrent.9

8.2. Charge Transfer. Hole transfer is an important aspect
of PEC reactions such as water oxidation.118,119 Unlike QDs,
which tend to passivate the TiO2 surface, the carboxylic groups
that anchor the NCs on TiO2 create additional surface states.

9

Therefore, surface states play a crucial role in dictating the hole
transfer behavior of the NC−TiO2 photoelectrodes. Under-
standing the hole transfer mechanism is essential to developing
methodologies to overcome limitations and improve the PEC
performance. This point of view can be well understood by the
example of α-Fe3O4. α-Fe3O4 requires a high overpotential for
the onset of the photocurrent, which is attributed to the
surface state charging.120 The surface states need to be charged
before the photocurrent is observed. These results have led to
strategies that passivate the surface states and significantly
reduce the onset overpotential.121

Abbas and Bang13 studied the size-dependent hole transfer
mechanism in the NC−TiO2 system consisting of Au15(SR)13,

Figure 7. (A) Schematic illustration of quenching and charge separation enhancement by NPs in NC−NP−TiO2 photoelectrodes. Adapted from
ref 14. Copyright 2019 American Chemical Society. Band diagrams of (B) Au25−TiO2 and (C) Au25−NP−TiO2 photoelectrodes. Adapted from ref
9. Copyright 2021 American Chemical Society.
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Au18(SR)14, and Au25(SR)18 NCs. Na2SO3 was employed as a
hole scavenger. The hole scavenger was used to understand the
hole transfer pathways without limiting the NC catalytic ability
because it is also size dependent. As expected, Au15−TiO2 and
Au18−TiO2 photoelectrodes exhibited a direct hole transfer via
the HOMO level; however, Au25−TiO2 showed a surface state-
assisted hole transfer (Figure 8A). This result is fascinating and
unique because, although an effective hole scavenger was used,
Au25−TiO2 displayed hole transfer via surface states.
Furthermore, the direct hole transfer from the HOMO of
Au25(SR)18 was so limited that, when ethylenediaminetetra-
acetic acid (EDTA) was used as a hole scavenger, the
photocurrent of Au25−TiO2 fell below the unsensitized TiO2
photoelectrode. Moreover, with EDTA, even the Au18−TiO2
photoelectrode displayed a surface state-assisted hole transfer
mechanism (Figure 8B).50 These results are critical in
understanding the PEC devices because the surface state-
assisted mechanism usually incurs higher losses due to the
possibility of severe recombination because both holes and
electrons can occupy the surface states. Therefore, the
activation of the direct hole transfer in the NC−TiO2 system
could lead to enhanced photocurrents in the NC−TiO2 PEC
devices.

8.3. Hysteresis. Another exciting aspect of the NC−TiO2
system is the severe hysteresis in some MCSSC devices. For
example, highly purified GSH-protected NC-based MCSSCs
show high hysteresis in the J−V curve scans (Figure 8C).12

However, the addition of alkali ions during the adsorption of
NCs on TiO2 almost completely removes the hysteresis in
those devices (Figure 8D). This behavior has been linked to
the binding between the NC and TiO2 surface. The presence
of alkali ions during the adsorption of NCs helps them get
closer to the TiO2 surface and form stronger bonds.42 Alkali

ions help NCs form a chelating bond instead of an otherwise-
formed ester-like bond. MCSSCs with alkali ion-assisted
adsorption also show high recombination resistance, indicating
a change in the charge separation at the NC−TiO2 interface.
These results suggest that the NC−TiO2 interface needs to be
studied in detail to fully understand the underlying mechanism
for improving the NCs’ performance in PEC applications.

9. SUMMARY AND OUTLOOK
Metal NCs have seen tremendous growth in the development
of their synthesis protocols and understanding their structure
and physical properties in recent years. Unfortunately, that
growth has not been reflected in their use in light harvesting
applications. One can ascribe this stagnation to the designation
of NCs as a mere replacement of dyes to extend the absorption
range of wide bandgap oxide semiconductors. As pointed out
throughout this Perspective, NCs need to be treated
independently from dyes and QDs because they possess
unique aspects in terms of light harvesting applications.
Therefore, NC−TiO2 or generally NC−metal oxide photo-
electrodes need to be decoupled into a separate category.
Although the conception of metal NC-sensitized photo-
electrodes took place over a decade ago, the progress in this
field has been slow compared to other technologies such as
perovskite solar cells.41,49,122 This could be partly attributed to
wider attention being paid to the perovskite solar cells.
However, in part, it can also be attributed to years of stagnant
progress in the dye-sensitized solar cells (DSSCs) and
quantum dot-sensitized solar cells (QDSSCs) because
MCSSCs have similar device structures to those devices.
However, research has shown that NCs should not be treated
merely as a separate class of sensitizers because they possess
various attributes and mechanisms unseen in other sensi-

Figure 8. (A) Schematic illustration of the size-dependent hole transfer mechanism in the NC−TiO2 photoelectrodes. Adapted from ref 13.
Copyright 2020 American Chemical Society. (B) Schematic illustration of the electrolyte-dependent hole transfer mechanism in NC−TiO2
photoelectrodes. Adapted from ref 50. Copyright 2022 American Chemical Society. (C) J−V hysteresis in Au15(SR)13, Au18(SR)14, and Au25(SR)18
NC-based MCSSCs. (D) Role of alkali ions on J−V hysteresis of the MCSSCs. Adapted from ref 12. Copyright 2020 American Chemical Society.
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tizers.41 This misconception was also made with perovskite
devices. Early research used perovskite merely as a sensitizer
and even utilized liquid redox couples as electrolytes.123,124

However, later, it was discovered that solid-state device design
is more suitable for perovskite-based solar devices. Even a TiO2
film, which was used as electron transport media due to the
device design borrowed from DSSCs and QDSSCs, was
replaced with Al2O3 and SiO2.

125,126 Because the function of
Al2O3 or the oxide layer was as a scaffolding layer, those design
improvements can be credited for the rapid rise of perovskite
solar cell performance. Therefore, the device design of NC-
based solar cells also needs to be radically reviewed. Two
noticeable design improvements that need to be tried are
making a solid-state device and designing a new redox couple
that is more suitable for NC-based devices. These develop-
ments could also open the door for organosoluble NCs and
NCs that are unstable with the current redox couples. Hence,
we believe the next breakthrough in the field of MCSSCs is
very likely to come with improvements in device design.
The interface of the NC−TiO2 photoelectrodes can be

considered the leading contender for understanding the
uniqueness of NCs compared to other sensitizers. The
adsorption of the NCs on TiO2 can create additional surface
states that complicate recombination control. The presence of
NCs on the TiO2 surface also causes band bending that can be
beneficial or detrimental for charge separation depending upon
the direction of the band bending. The interfacial surface states
can also be involved in the hole transfer mechanism in the PEC
devices. The binding mode between the NCs and TiO2 also
seems to play a role in dictating the electron transfer between
the NCs and TiO2. The NC−TiO2 interface also is the most
probable cause for the severe hysteresis observed in some
MCSSCs. Therefore, the NC−TiO2 interface needs to be
studied in greater detail to shine a light on these processes
further and discover any unforeseen processes that may be
present at this interface.
The degradation of the NC−TiO2 photoelectrodes is

another underappreciated aspect of this research area. The
decomposition of NCs into metallic ions is an undesirable
process; however, the transformation of the NC to NPs can be
turned from a loss of functionality to an upgrade. Trans-
formation of the NC to NPs brings two competing processes
into the equation: quenching and SPR-enhanced charge
separation. Recent research has shown that this transformation
process can be harnessed in working devices to significantly
boost PEC device photocurrent.9 However, more research is
required to fully understand this process. Moreover, from a
fundamental point of view, the formation of NPs followed by
the photoinduced surface diffusion of NCs is an unexplored
area. How this diffusion takes place and how it can be
controlled are very interesting questions at the basic level that
remained unanswered.
NCs have immense unrealized potential in PEC applications

such as water splitting and CO2 reduction. This conclusion
stems from the fact that, apart from the light harvesting ability,
NCs also possess catalytic abilities.32,127 Henceforth, the
catalytic tuning of NCs has seen tremendous interest by
researchers in recent years, and electrocatalysis by NCs has
been demonstrated in various reactions.32 However, there have
only been a few publications on the PEC application of the
NCs. One of the reasons for this may be the difficulty of
fabricating effective photoanodes with organosoluble NCs.
Another reason could be the poor photochemical stability of

many NCs. However, as pointed out in this Perspective, the
photochemical degradation of NCs could be avoided if holes
from the NCs are transferred to the electrolyte effectively. This
can be achieved if the catalytic abilities of the NCs are tuned
for a specific reaction. This is an open area of research.
Although immense research opportunities exist in this area, it
has received little attention so far.
Therefore, we believe that metal NCs have the potential to

grow exponentially for light harvesting applications. However,
such growth can only be achieved if the working mechanisms
of NC-based devices are analyzed on their own merit and can
inspire radical new device designs and structures.

■ AUTHOR INFORMATION
Corresponding Author

Jin Ho Bang − Nanosensor Research Institute, Hanyang
University, Ansan, Gyeonggi-do 15588, Republic of Korea;
Department of Chemical and Molecular Engineering and
Department of Applied Chemistry, Center for Bionano
Intelligence Education and Research, Hanyang University,
Ansan, Gyeonggi-do 15588, Republic of Korea; orcid.org/
0000-0002-6717-3454; Email: jbang@hanyang.ac.kr

Authors
Muhammad A. Abbas − Nanosensor Research Institute,
Hanyang University, Ansan, Gyeonggi-do 15588, Republic of
Korea; orcid.org/0000-0002-8338-9802

Minwook Jeon − Department of Chemical and Molecular
Engineering, Hanyang University, Ansan, Gyeonggi-do
15588, Republic of Korea; orcid.org/0000-0003-3216-
7529

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.2c05301

Notes
The authors declare no competing financial interest.
Biographies
Muhammad A. Abbas is an assistant research professor at Hanyang
University. He received his B.S. in 2009 at the University of
Engineering & Technology, Lahore in Pakistan and Ph.D. in 2017 at
Hanyang University in South Korea. His research interests include
photoelectrochemistry, electrocatalysis for water splitting, and
lithium-ion batteries. He received the HYU Best Emerging Researcher
Award in 2021.

Minwook Jeon is an undergraduate student in the Department of
Chemical and Molecular Engineering at Hanyang University and
plans to pursue a Ph.D. degree in Prof. Bang’s laboratory beginning in
2023. He is currently working on the development of nanoclusters for
solar energy conversion applications.

Jin Ho Bang has been a professor of Chemical and Molecular
Engineering and Applied Chemistry at Hanyang University since
2010. His research group has explored the development of various
nanostructured materials for light energy conversion and storage
devices. He has received several awards, including the HYU Excellent
Researcher Award (2016), the i-SENS Young Electrochemist Award
(2018), and the Gyeonggi Province Scientist Award (2021).

■ ACKNOWLEDGMENTS
This research was supported by grants from the Basic Science
Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Science and ICT

The Journal of Physical Chemistry C pubs.acs.org/JPCC Perspective

https://doi.org/10.1021/acs.jpcc.2c05301
J. Phys. Chem. C 2022, 126, 16928−16942

16938

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Ho+Bang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6717-3454
https://orcid.org/0000-0002-6717-3454
mailto:jbang@hanyang.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+A.+Abbas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8338-9802
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minwook+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3216-7529
https://orcid.org/0000-0003-3216-7529
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05301?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(NRF-2022R1A2C2006654 and NRF-2020R1C1C1008588)
a n d b y t h e M i n i s t r y o f E d u c a t i o n (NRF -
2018R1A6A1A03024231). This research was also partly
supported by the GRRC program of Gyeonggi province
[(GRRCHanyang2020-A01), Hydrogen Energy Full Cycle
Core Material Research Center].

■ REFERENCES
(1) Chakraborty, I.; Pradeep, T. Atomically Precise Clusters of
Noble Metals: Emerging Link between Atoms and Nanoparticles.
Chem. Rev. 2017, 117, 8208−8271.
(2) Jin, R.; Zeng, C.; Zhou, M.; Chen, Y. Atomically Precise
Colloidal Metal Nanoclusters and Nanoparticles: Fundamentals and
Opportunities. Chem. Rev. 2016, 116, 10346−10413.
(3) Morton, S. M.; Silverstein, D. W.; Jensen, L. Theoretical Studies
of Plasmonics Using Electronic Structure Methods. Chem. Rev. 2011,
111, 3962−3994.
(4) Qian, H.; Zhu, M.; Wu, Z.; Jin, R. Quantum Sized Gold
Nanoclusters with Atomic Precision. Acc. Chem. Res. 2012, 45, 1470−
1479.
(5) Aikens, C. M. Electronic Structure of Ligand-Passivated Gold
and Silver Nanoclusters. J. Phys. Chem. Lett. 2011, 2, 99−104.
(6) Higaki, T.; Zhou, M.; Lambright, K. J.; Kirschbaum, K.; Sfeir, M.
Y.; Jin, R. Sharp Transition from Nonmetallic Au246 to Metallic Au279
with Nascent Surface Plasmon Resonance. J. Am. Chem. Soc. 2018,
140, 5691−5695.
(7) Sakthivel, N. A.; Shabaninezhad, M.; Sementa, L.; Yoon, B.;
Stener, M.; Whetten, R. L.; Ramakrishna, G.; Fortunelli, A.; Landman,
U.; Dass, A. The Missing Link: Au191(SPh-tBu)66 Janus Nanoparticle
with Molecular and Bulk-Metal-Like Properties. J. Am. Chem. Soc.
2020, 142, 15799−15814.
(8) Fang, J.; Zhang, B.; Yao, Q. F.; Yang, Y.; Xie, J. P.; Yan, N.
Recent Advances in the Synthesis and Catalytic Applications of
Ligand-Protected, Atomically Precise Metal Nanoclusters. Coord.
Chem. Rev. 2016, 322, 1−29.
(9) Khan, R.; Naveen, M. H.; Abbas, M. A.; Lee, J.; Kim, H.; Bang, J.
H. Photoelectrochemistry of Au Nanocluster-Sensitized TiO2:
Intricacy Arising from the Light-Induced Transformation of Nano-
clusters into Nanoparticles. ACS Energy Lett. 2021, 6, 24−32.
(10) Wang, Y.; Liu, X. H.; Wang, Q.; Quick, M.; Kovalenko, S. A.;
Chen, Q. Y.; Koch, N.; Pinna, N. Insights into Charge Transfer at an
Atomically Precise Nanocluster/Semiconductor Interface. Angew.
Chem., Int. Ed. 2020, 59, 7748−7754.
(11) Abbas, M. A.; Kamat, P. V.; Bang, J. H. Thiolated Gold
Nanoclusters for Light Energy Conversion. ACS Energy Lett. 2018, 3,
840−854.
(12) Abbas, M. A.; Thota, R.; Pyo, K.; Lee, D.; Bang, J. H. Alkali
Metal Ions: A Secret Ingredient for Metal Nanocluster-Sensitized
Solar Cells. ACS Energy Lett. 2020, 5, 1404−1406.
(13) Abbas, M. A.; Bang, J. H. Anomalous Transition of Hole
Transfer Pathways in Gold Nanocluster-Sensitized TiO2 Photo-
electrodes. ACS Energy Lett. 2020, 5, 3718−3724.
(14) Abbas, M. A.; Yoon, S. J.; Khan, R.; Lee, J.; Bang, J. H.
Coalescence-Driven Simultaneous Enhancement and Quenching of
the Excited States of Silver Nanoclusters. J. Phys. Chem. C 2019, 123,
14921−14927.
(15) Bang, J. H.; Kamat, P. V. Quantum Dot Sensitized Solar Cells.
A Tale of Two Semiconductor Nanocrystals: CdSe and CdTe. ACS
Nano 2009, 3, 1467−1476.
(16) Bang, J. H.; Kamat, P. V. CdSe Quantum Dot−Fullerene
Hybrid Nanocomposite for Solar Energy Conversion: Electron
Transfer and Photoelectrochemistry. ACS Nano 2011, 5, 9421−9427.
(17) Moreels, I.; Lambert, K.; Smeets, D.; De Muynck, D.; Nollet,
T.; Martins, J. C.; Vanhaecke, F.; Vantomme, A.; Delerue, C.; Allan,
G.; Hens, Z. Size-Dependent Optical Properties of Colloidal PbS
Quantum Dots. ACS Nano 2009, 3, 3023−3030.
(18) Zhou, M.; Higaki, T.; Li, Y.; Zeng, C.; Li, Q.; Sfeir, M. Y.; Jin,
R. Three-Stage Evolution from Nonscalable to Scalable Optical

Properties of Thiolate-Protected Gold Nanoclusters. J. Am. Chem. Soc.
2019, 141, 19754−19764.
(19) Stamplecoskie, K. G.; Kamat, P. V. Size-Dependent Excited
State Behavior of Glutathione-Capped Gold Clusters and Their Light-
Harvesting Capacity. J. Am. Chem. Soc. 2014, 136, 11093−11099.
(20) Higaki, T.; Liu, C.; Zeng, C.; Jin, R.; Chen, Y.; Rosi, N. L.; Jin,
R. Controlling the Atomic Structure of Au30 Nanoclusters by a
Ligand-Based Strategy. Angew. Chem., Int. Ed. 2016, 55, 6694−6697.
(21) Liu, C.; Li, T.; Li, G.; Nobusada, K.; Zeng, C.; Pang, G.; Rosi,
N. L.; Jin, R. Observation of Body-Centered Cubic Gold Nanocluster.
Angew. Chem., Int. Ed. 2015, 54, 9826−9829.
(22) Zhou, M.; Higaki, T.; Hu, G.; Sfeir Matthew, Y.; Chen, Y.;
Jiang, D.-e.; Jin, R. Three-Orders-of-Magnitude Variation of Carrier
Lifetimes with Crystal Phase of Gold Nanoclusters. Science 2019, 364,
279−282.
(23) Negishi, Y.; Igarashi, K.; Munakata, K.; Ohgake, W.; Nobusada,
K. Palladium Doping of Magic Gold Cluster Au38(SC2H4Ph)24:
Formation of Pd2Au36(SC2H4Ph)24 with Higher Stability Than
Au38(SC2H4Ph)24. Chem. Commun. 2012, 48, 660−662.
(24) Barrabés, N.; Zhang, B.; Bürgi, T. Racemization of Chiral
Pd2Au36(SC2H4Ph)24: Doping Increases the Flexibility of the Cluster
Surface. J. Am. Chem. Soc. 2014, 136, 14361−14364.
(25) Molina, B.; Tlahuice-Flores, A. Thiolated Au18 Cluster:
Preferred Ag Sites for Doping, Structures, and Optical and Chiroptical
Properties. Phys. Chem. Chem. Phys. 2016, 18, 1397−1403.
(26) Wang, S.; Jin, S.; Yang, S.; Chen, S.; Song, Y.; Zhang, J.; Zhu,
M. Total Structure Determination of Surface Doping
[Ag46Au24(SR)32](BPh4)2 Nanocluster and Its Structure-Related
Catalytic Property. Sci. Adv. 2015, 1, No. e1500441.
(27) Yao, C.; Lin, Y.-j.; Yuan, J.; Liao, L.; Zhu, M.; Weng, L.-h.;
Yang, J.; Wu, Z. Mono-Cadmium vs Mono-Mercury Doping of Au25
Nanoclusters. J. Am. Chem. Soc. 2015, 137, 15350−15353.
(28) Maity, S.; Kolay, S.; Ghosh, S.; Chakraborty, S.; Bain, D.; Patra,
A. Unraveling the Effect of Single Atom Doping on the Carrier
Relaxation Dynamics of MAg24n‑ Nanoclusters. J. Phys. Chem. Lett.
2022, 13, 5581−5588.
(29) Naveen, M. H.; Khan, R.; Abbas, M. A.; Cho, E.; Lee, G. J.;
Kim, H.; Sim, E.; Bang, J. H. Modulation of the Photoelectrochemical
Behavior of Au Nanocluster-TiO2 Electrode by Doping. Chem. Sci.
2020, 11, 6248−6255.
(30) Choi, W.; Hu, G.; Kwak, K.; Kim, M.; Jiang, D.-e.; Choi, J.-P.;
Lee, D. Effects of Metal-Doping on Hydrogen Evolution Reaction
Catalyzed by MAu24 and M2Au36 Nanoclusters (M = Pt, Pd). ACS
Appl. Mater. Interfaces 2018, 10, 44645−44653.
(31) Jin, R.; Zhao, S.; Liu, C.; Zhou, M.; Panapitiya, G.; Xing, Y.;
Rosi, N. L.; Lewis, J. P.; Jin, R. Controlling Ag-Doping in
[AgxAu25‑x(SC6H11)18]− Nanoclusters: Cryogenic Optical, Electronic
and Electrocatalytic Properties. Nanoscale 2017, 9, 19183−19190.
(32) Naveen, M. H.; Khan, R.; Bang, J. H. Gold Nanoclusters as
Electrocatalysts: Atomic Level Understanding from Fundamentals to
Applications. Chem. Mater. 2021, 33, 7595−7612.
(33) Yuan, X.; Goswami, N.; Chen, W.; Yao, Q.; Xie, J. Insights into
the Effect of Surface Ligands on the Optical Properties of Thiolated
Au25 Nanoclusters. Chem. Commun. 2016, 52, 5234−5237.
(34) Yang, H.; Wang, Y.; Lei, J.; Shi, L.; Wu, X.; Mäkinen, V.; Lin,
S.; Tang, Z.; He, J.; Häkkinen, H.; Zheng, L.; Zheng, N. Ligand-
Stabilized Au13Cux (x = 2, 4, 8) Bimetallic Nanoclusters: Ligand
Engineering to Control the Exposure of Metal Sites. J. Am. Chem. Soc.
2013, 135, 9568−9571.
(35) Li, G.; Abroshan, H.; Liu, C.; Zhuo, S.; Li, Z.; Xie, Y.; Kim, H.
J.; Rosi, N. L.; Jin, R. Tailoring the Electronic and Catalytic Properties
of Au25 Nanoclusters via Ligand Engineering. ACS Nano 2016, 10,
7998−8005.
(36) Li, J.; Nasaruddin, R. R.; Feng, Y.; Yang, J.; Yan, N.; Xie, J.
Tuning the Accessibility and Activity of Au25(SR)18 Nanocluster
Catalysts through Ligand Engineering. Chem.�Eur. J. 2016, 22,
14816−14820.
(37) Toshima, N.; Shiraishi, Y.; Teranishi, T.; Miyake, M.;
Tominaga, T.; Watanabe, H.; Brijoux, W.; Bönnemann, H.; Schmid,

The Journal of Physical Chemistry C pubs.acs.org/JPCC Perspective

https://doi.org/10.1021/acs.jpcc.2c05301
J. Phys. Chem. C 2022, 126, 16928−16942

16939

https://doi.org/10.1021/acs.chemrev.6b00769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100265f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100265f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200331z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200331z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz101499g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz101499g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2016.05.003
https://doi.org/10.1016/j.ccr.2016.05.003
https://doi.org/10.1021/acsenergylett.0c02306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201915074
https://doi.org/10.1002/anie.201915074
https://doi.org/10.1021/acsenergylett.8b00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn900324q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn900324q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn204350w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn204350w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn204350w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn900863a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn900863a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505361n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505361n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505361n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201601947
https://doi.org/10.1002/anie.201601947
https://doi.org/10.1002/anie.201502667
https://doi.org/10.1126/science.aaw8007
https://doi.org/10.1126/science.aaw8007
https://doi.org/10.1039/C1CC15765E
https://doi.org/10.1039/C1CC15765E
https://doi.org/10.1039/C1CC15765E
https://doi.org/10.1021/ja507189v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja507189v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja507189v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CP05171A
https://doi.org/10.1039/C5CP05171A
https://doi.org/10.1039/C5CP05171A
https://doi.org/10.1126/sciadv.1500441
https://doi.org/10.1126/sciadv.1500441
https://doi.org/10.1126/sciadv.1500441
https://doi.org/10.1021/jacs.5b09627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b09627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c01333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC01220C
https://doi.org/10.1039/D0SC01220C
https://doi.org/10.1021/acsami.8b16178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b16178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7NR05871C
https://doi.org/10.1039/C7NR05871C
https://doi.org/10.1039/C7NR05871C
https://doi.org/10.1021/acs.chemmater.1c02112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c02112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c02112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CC00857G
https://doi.org/10.1039/C6CC00857G
https://doi.org/10.1039/C6CC00857G
https://doi.org/10.1021/ja402249s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja402249s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja402249s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201603247
https://doi.org/10.1002/chem.201603247
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


G. Various Ligand-Stabilized Metal Nanoclusters as Homogeneous
and Heterogeneous Catalysts in the Liquid Phase. Appl. Organomet.
Chem. 2001, 15, 178−196.
(38) Kurashige, W.; Munakata, K.; Nobusada, K.; Negishi, Y.
Synthesis of Stable CunAu25‑n Nanoclusters (n = 1−9) Using
Selenolate Ligands. Chem. Commun. 2013, 49, 5447−5449.
(39) Wu, Z.; Jin, R. On the Ligand’s Role in the Fluorescence of
Gold Nanoclusters. Nano Lett. 2010, 10, 2568−2573.
(40) Kurashige, W.; Yamaguchi, M.; Nobusada, K.; Negishi, Y.
Ligand-Induced Stability of Gold Nanoclusters: Thiolate versus
Selenolate. J. Phys. Chem. Lett. 2012, 3, 2649−2652.
(41) Khan, R.; Naveen, M. H.; Bang, J. H. Similar Looks, Different
Photoelectrochemical Behavior: Unique Aspects of Metal-Nano-
cluster-Sensitized Electrodes. ACS Energy Lett. 2021, 6, 2713−2725.
(42) Jonsson, C. M.; Jonsson, C. L.; Sverjensky, D. A.; Cleaves, H. J.;
Hazen, R. M. Attachment of L-Glutamate to Rutile (α-TiO2): A
Potentiometric, Adsorption, and Surface Complexation Study.
Langmuir 2009, 25, 12127−12135.
(43) Nosaka, A. Y.; Tanaka, G.; Nosaka, Y. The Behaviors of
Glutathione and Related Amino Acids in the TiO2 Photocatalytic
System. J. Phys. Chem. B 2012, 116, 11098−11102.
(44) Etacheri, V.; Di Valentin, C.; Schneider, J.; Bahnemann, D.;
Pillai, S. C. Visible-Light Activation of TiO2 Photocatalysts: Advances
in Theory and Experiments. J. Photochem. Photobiol. C: Photochem.
Rev. 2015, 25, 1−29.
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