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Abstract
Atomically precise nanoclusters (NCs) with fascinating physicochemical character-
istics different from their nanoparticles (NPs) counterparts have gained increasing
attention in diverse fields of applications. The foremost outcome of such NC-based
applications is leading to transform them into devices. In fact, there are already
some reports on the development of NC-based devices. For instance, NCs exhibit
their potential in solar cells, showing high light-harvesting efficiency comparable
to traditional semiconductor solar cells. Further, recent progress in characterizing
Au NCs films and micro-crystals shows semiconductor-like properties such as field
effect and photoresponse. These successes indicate that metal NCs possess a high
potential for application in multidisciplinary areas for advancing the development
in fundamental and practical purposes. However, no such comprehensive review is
available to highlight recent advances and new applicable devices based on noble
metal NCs. Herein, we reviewed the recent development in this area, including syn-
thesis challenges of metal NCs and related applications of NC-sensitized solar cells,
strain sensors, chemo-/biosensors, transistors, floating memory, and other devices.
Furthermore, the future opportunities such as modifying synthetic methods to make
other metal NCs, enhancing the efficiency of solar cells, and exploring more NC-
based devices alternative to semiconductors are pointed out. We hope that rapidly
increasing interest in NC-based devices will stimulate the research in this area and
inspire the advances in combined devices accordingly.

K E Y W O R D S
memory devices, metal nanoclusters, sensors, solar cells, transistors

1 INTRODUCTION

Nanoscience has witnessed immense advancements associ-
ated with metal nanoparticles (NPs) due to their interest-
ing properties compared to their bulk counterparts.[1–3] Var-
ious metal NPs (especially noble metals such as Pt, Au, Ag)
have been employed in the fields of biomedicine, sensors,
catalysis, as well as photovoltaics.[4–8] Besides, advanced
devices based on metal NPs have been immensely devel-
oped in the areas of fuel cells, analytical sensors, optoelec-
tronic devices, etc.[9–12] For instance, solar cells, as renew-
able energy devices with numerous merits, such as low-cost,
portability, environmental friendliness, as well as high energy
efficiency, have been intensely studied and utilized to tackle
the presently urgent energy crisis.[1,13–23] Moreover, taking
advantage of the fast charge transfer rate from metal NPs to
polymer layers, the design of metal NP-based floating mem-
ory devices exhibits promising potential.[24–26] Besides such
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a plethora of studies focused on NP-based applications, size-
controlled nanoclusters (NCs), have become another fast-
growing interest in nanomaterial science.[27–29] Metal NCs,
consisting of a few to hundreds of atoms, have been inten-
sively studied because of their unique physical and chemical
properties, resulting from their molecule-like discrete energy
levels.[30–35] These make NCs suitable candidates in various
applications from sensing to photovoltaics.[8,36–40] Recently,
metal NC-sensitized solar cells (MCSCs) have received an
increasing attention as emerging photovoltaic devices, pos-
sessing similar structure compared to dye-sensitized solar
cells (DSSCs).[36,41–43] NPs-based SCs presented limited
enhancement in the power conversion efficiency (PCE)
because of the possible energy transfer via nonradiative path-
way as well as disturbance of the interface morphology.[44]

Metal NPs possess surface plasmon resonance which cov-
ers only a certain portion of the visible light whereas most
of the metal NCs has multiple bands covering a large
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S C H E M E 1 Illustration of metal NC-based devices classified by func-
tion

portion of the visible light facilitating the efficiency of solar
cell.[45] Additionally, NCs exhibit photoluminescence, show-
ing thus advantages over their plasmonic NPs counterparts in
this regard.[46] Several reviews have been committed to metal
NCs due to their distinct properties. Apart from the synthesis
of NCs, most of them are focused on their applications as
fluorescent probes, probes for diagnosis, as well as analyti-
cal sensing types of applications.[9,27,46] Recently a signifi-
cant number of research articles have been reported on NC-
based devices. This review attempts to summarize the present
well-developed and applicable device by using metal NCs as
platforms. In the first section of the review, typical synthetic
challenges of NCs production will be pointed out. Then, sub-
sequently, NC-based devices will be explained and classified
by their function (Scheme 1), including solar cells, strain sen-
sors, chemo- or biosensors, transistors, and floating memory
as well as other devices. In the last section, a brief outlook
will be provided on the current challenges and opportunities
of metal NC-based devices for future research.

2 SYNTHETIC CHALLENGES FOR
METAL NCs

Even after the enormous growth in the synthesis protocols
for NCs in the recent years, approaches for converting them
to a device have not grown with the same speed. Purity
and stability of NCs are two important issues that hamper
their applications to make devices of improved performance.
Purity is foremost important to achieve controlled electronic
properties for carrying out electrical transport experiments
on high-quality metal NCs films[47] and crystals.[48] NCs
are atomically pure in most of the cases, but even after
that there are plenty of other impurities that can drastically
affect the device performance. For example, the presence of
small, charged byproducts can contribute to electronic insta-
bility in the films and deviations from ideal behavior. These

byproducts can act as scattering centers for charge carriers
in the film, which results in an ionic current moving through
the matrix of the film in response to applied electric fields.
Consequently, these mobile, ion-like charges will tend to
screen the applied electric field, reducing the effectively cal-
culated mobility.[49,50] This can lead to time-dependent cur-
rents, electric field-dependent conductivities, and large hys-
teresis effects.[50,51] Many approaches have been reported to
directly synthesize atomically precise metal NCs without fur-
ther separation, which have been reviewed in detail.[52–54]

For instance, size-focusing methodology has been used as
a kinetically controlled protocol of the successful synthesis
high-yield atomically precise Au NCs and become a univer-
sal method.[31,52,55,56] Novel ligand-exchange-induced size
convention process originated from size-focusing method is
able to achieve new magic sizes that cannot easily obtain
by size-focusing.[57,58] Additionally, kinetically controlled
size trapping method is another example for the synthesis of
atomically precise NCs without any purification.[53] In other
studies, few atom metal NCs byproducts attached to organic
ligands can cause catalytic poisoning[59] and fluorescence
quenching of the target Au NCs system.[60] It can be easy
to separate the undesired byproducts when they are electri-
cally charged, and the desired final products are uncharged.
However, when the desired final products are also charged,
for instance, in the case of [Au25(PPh3)10(PET)5X2]2+ where
PET is 2-phenylethanethiol and X is Cl or Br,[50] the removal
of byproducts is especially challenging. Similarly, for an
NC-based device with improved performances and longevity,
the NCs should also be highly stable under aerobic condi-
tions. In the following section, we will highlight the general
approaches taken in addressing the purity and stability issues
for NCs.

2.1 Purification approaches for NCs

Enormous efforts have been devoted to studying synthetic
methods to obtain metal NCs in high quality.[9–12] Synthetic
methods are in general categorized into two types, namely
"top-down" and "bottom-up". The "top-down" approach
includes chemically etching of larger metal NPs into the
atomically precise desired final NCs products. For the
etching processes, extra ligands such as phosphines (e.g.,
triphenylphosphine [TPP]) and thiols (e.g., PET) are often
used.[31,61–63] Inevitably, some byproducts are generated dur-
ing this etching process, often in much higher quantities than
the desired final products[50] and must be filtered out of
the solution to obtain relatively pure desired final products.
On the other hand, in the "bottom-up" approach, metal NCs
are synthesized by reducing metal ions in the presence of
ligands.[21,64–66] One of the major problems in this approach
is the formation of a mixture of different NCs (together with
other impurities such as thiolates or even extras thiols) which
needs further purification and isolation.[67] Great efforts have
been consequently devoted to improving metal NCs unifor-
mity with advanced techniques. Centrifugation or precipita-
tion has been reported as a powerful separation tool.[50,68] For
instance, Galchenko et al. achieved a highly pure Au25 NCs
solution through repeated centrifugation steps in non-polar
solvents prior to final precipitation in methanol or ethanol.[50]

The synthesis of Au25 NCs through thiol etching from Au
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F I G U R E 1 (A) Schematic view of the concept of a two-step separation of metal nanoclusters (NCs) mixture by high-performance liquid chromatography
(HPLC). Reproduced with permission.[69] Copyright 2013, American Chemical Society. (B) The crude Au: SG NCs were separated into six components by
a high-solution polyacrylamide gel electrophoresis (PAGE) (top). The appearance of gels containing fractionated NCs was shown individually (bottom). The
numbers from 1 to 6 represent Au18(SG)11, Au21(SG)12, Au25±1(SG)14±1, Au28(SG)16, Au32(SG)18, and Au39(SG)23 NCs, respectively. Reproduced with
permission.[75] Copyright 2004, American Chemical Society. (C) Reaction energies evaluated for the following reactions: Au25

−
+ 18SR → Au25(SR)18

−

(1), Au38 + 24SR → Au38(SR)24 (2), and Au102 + 44SR → Au102(SR)44 (3), compared with that of the simple case: Au + SR → AuSR (4). Insets are the
illustration of crystal structures of Au25(SR)18

–, Au38(SR)24, and Au102(SR)44 NCs from 1 to 3. All the R moieties are omitted for clarity. Reproduced with
permission.[85] Copyright 2012, The Royal Society of Chemistry. (D) Time-dependent stability investigation of Au25(SC12H25)18 and Pd1Au24(SC12H25)18
NCs measured by absorption spectra (1), and MALDI-MS (2), respectively. Reproduced with permission.[92] Copyright 2010, The Royal Society of Chemistry

NPs precursor solution was tracked by UV-vis absorption
spectroscopy. As the Au NPs were broken down into small-
sized Au25 NCs, the intensity of the transition peaks between
highest occupied molecular orbital and lowest unoccupied
molecular orbital (HOMO-LUMO) increased. Mass spec-
trometry (MS) of the final products showed large quantities of
[Au3TPP3O2] and [Au2TPP2PET]+ byproducts, which were
largely eliminated through the purification process described
above. It was also shown that the initial concentration of the
[Au3TPP3O2] byproducts could be significantly reduced by
taking great care to reduce water residues and moisture in the
initial synthesis reaction. Furthermore, the resulting highly
pure Au25 NCs solution was used to form films by spin coat-
ing, and then their electrical transport properties were further
investigated.[47] Many other similar strategies have been used
for the purification of atomically precise NCs, since at this
size range every atom matters.

Chromatographic approaches provide a new direction for
the isolation of metal NCs. Niihori et al. reported a precise
and systematic preparation of PdAu24(SC12H25)18-n(SBB)n
NCs (n = 6–16, SBB = 4-tert-butylbenzylmercaptan), which
can be separated by using high-performance liquid chro-
matography (HPLC).[69] The separation is a two-step process
(Figure 1A): Initially, the injection of the mixture of all NCs
was adsorbed onto the stationary phase (the column matrix),
followed by the elution of the adsorbed NCs from the column.
The successful separation completed, thanks to the mobile

phase gradually changed from pure methanol to tetrahydrofu-
ran (THF) because the PdAu24(SC12H25)18-n(SBB)n NCs are
insoluble in methanol while dissolving in THF. The Murray
group separated charged, non-uniformed, water-soluble Au
NCs protected with monolayers of N-acetyl-L-cysteine and
tiopronin ligands utilizing another ion-pair (ion-interaction)
chromatography, which consists of necessary interaction
between an ionic sample and a hydrophobic modifier coun-
terion at a hydrophobic stationary-phase interface.[70] The
same group described using reversed-phase (RP)-HPLC, with
a C8 stationary phase column in series with a phenyl column,
to separate the mixture of hexanethiolate-protected Au NCs
of varying core sizes, elucidating a size exclusion-like sep-
aration mechanism.[71,72] The corresponding high-resolution
separation of Au NCs with RP-HPLC has been reviewed in
detail by Niihori et al.[73] An alternative, efficient thin-layer
chromatography was also reported by Ghosh et al. to separate
the mixture of Au NCs with different ligands and core sizes
successfully.[74]

Polyacrylamide gel electrophoresis (PAGE) could isolate
metal NCs protected with biological molecules based on
their electrophoretic mobility in the past decades. Most of
the previous reports using PAGE for NCs separation focus
on glutathione (SG)-protected metal NCs.[21,67,75–77] For
instance, Tsukuda’s group presented that magic-numbered
SG-protected Aun NCs (n= 18, 21, 25, 28, 32, 39) can be suf-
ficiently separated using high-resolution PAGE. The sample
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was fractionated into six groups (Figure 1B).[75] These frac-
tions from 1 to 6 are referred to as Au18(SG)11, Au21(SG)12,
Au25±1(SG)14±1, Au28(SG)16, Au32(SG)18, and Au39(SG)23
NCs, respectively. In another work, the Pradeep group syn-
thesized a crude mixture of red-fluorescent Ag8(H2MSA)8
and bluish-green-fluorescent Ag7(H2MSA)7 NCs by interfa-
cial synthesis from Ag@H2MSA NPs precursor.[78] This Ag
NCs mixture was separated into two bands (NCs) by PAGE:
NC 1 was red under visible light excitation, while pink at
273 K under UV light excitation referred to as Ag8(H2MSA)8
NCs and NC 2 referred to Ag7(H2MSA)7 NCs was light yel-
low and bluish-green in visible and UV light illumination at
room temperature, respectively.

An alternative method for NCs isolation is solvent extrac-
tion, which is based on the NCs’ solubility in a different sol-
vent. In the preparation of Au38(PhC2S)24 NCs, the desired
products were normally contaminated with large amounts
of Au140(PhC2S)53 NCs.[56] The pure Au38(PhC2S)24 NCs
can be obtained with the isolation from the mixture of
Au38(PhC2S)24 and Au140(PhC2S)53 NCs treated with ace-
tonitrile followed with filtering and evaporating, determined
by 1H NMR. The Tsukuda group also reported that the mix-
ture of [Au25(SC6H13)18]x (x = 1−, 0, and 1+)[79] and
Au:SCn NCs (n = 6, 10, 12)[80] can be isolated using
solvent extraction. Chen et al. prepared solvent-solvable
Au102(SPh)44 NCs using acetone and CH2Cl2 to extract
the small-sized Au NCs (<Au102) and the desired products
Au102(SPh)44 NCs, respectively, followed with size exclu-
sion chromatography. The as-obtained pure Au102(SPh)44
NCs were confirmed by matrix-assisted laser desorption ion-
ization (MALDI) and electrospray ionization MS, combined
with UV-vis absorption spectroscopy and thermogravimetric
analysis.

2.2 Stability enhancement approaches for
NCs

The unique physical and chemical properties of metal NCs
make them widely applicable in various areas. The poor sta-
bility of some of these NCs, however, impedes them for
further development especially in the case of device-based
applications. Enormous effort has been devoted to enhanc-
ing the stability of NCs, and many methodologies were pro-
posed. One of them is finding suitable ligands, contribut-
ing to the NCs’ colloidal, electronic, thermal, and other
stabilities.[81–84] Jung et al. investigated the electrochemi-
cal and thermodynamic stability of thiolate (SR)-protected
Au NCs, Aum(SR)n, where R (aliphatic) = CH3, C6H13, and
CH2CH2Ph, and R (aromatic) = Ph, PhF and PhCOOH.[85]

Three different NCs namely, Au25(SR)18
–, Au38(SR)24, and

Au102(SR)44 were studied (Figure 1C, inset). By comparing
the vertical ionization potential (VIP) and vertical electron
affinity (VEA) of these NCs, a larger VIP-VEA value rep-
resented energetically nonconductive to activating the NCs
to react, indicating high NCs electrochemical stability. They
presented that the VIP-VEA values of aliphatic thiols are
slightly higher than those of aromatic thiols in this work.
Particularly, the VIP-VEA values for -SCH2CH2Ph ligands
are larger than those for -SPhCOOH ligand in three dif-
ferent NCs, suggesting the higher electrochemical stability
of -SCH2CH2Ph thiol. In addition, in terms of the ther-

modynamic stability against Aum + nSR dissociation, the
reaction energies were evaluated for the following reac-
tions: Au25

−
+ 18SR → Au25(SR)18

−, Au38 + 24SR →

Au38(SR)24, and Au102 + 44SR → Au102(SR)44 compared
with that of the simple case: Au + SR → AuSR. They con-
cluded from Figure 1C that the NCs protected with aliphatic
thiols (such as -SCH3 ligands) have better electrochemi-
cal and thermodynamic stability than those with aromatic
ones (such as -SPhCOOH ligands). Analogously, Zhang
et al. studied the thermodynamic stabilities of anionic thio-
lated NCs [M12Ag32(SR)30]4– with different ligands, where
M = Ag, Au, and SR = SPhF, SPhF2, and SPhCF3.[86] It
was found that NCs containing SPhF2 are thermodynami-
cally more stable than those with SPhCF3 and SPhF. Negishi
et al. proposed the Au25 NCs protected with octaneseleno-
late (SeR) to obtain Au25(SeR)18 NCs, which possess simi-
lar geometric structures to Au25(SR)18.[87] The charge trans-
fer between the metal atoms and ligands of Au25(SeR)18
NCs was found to be lower than the latter. The results even
pointed out that the metal-ligand binding in Au25(SeR)18
NCs was more covalent than those in Au25(SR)18 NCs.
Later, the Negishi group synthesized Cu-doped Au NCs
using SeR ligands to obtain CunAu25-n(SeC8H17)18 (n = 0–
9). According to the data from MALDI-MS, the chemi-
cal composition of CunAu25-n(SeC8H17)18 was intact over
this period in toluene at 25◦C. By contrast, the analo-
gous NCs with SR suffered from dissociation under the
same conditions, which exhibit less stability.[88] Similarly,
Zhu’s group presented a ligand-exchange method to pre-
pare [Au25(SePh)18]−[(C8H17)4N]+ NCs from the precursor
Au25(SCH2CH2Ph)18

−TOA+ NCs.[89] The UV-vis absorp-
tion spectra indicated that no manifest change was observed
in these new [Au25(SePh)18]− NCs when dissolved in
CH2Cl2 in air, which shows much better thermodynamic
stability than their precursor. Hereafter, they also reported
the transformation of Au NCs co-stabilized with SePh and
1,5-bis(diphenylphosphino)pentane (L5 for short) to obtain
[Au11(L5)4(SePh)2]+ NCs.[90] The results showed that the
optical absorption spectra of [Au11(L5)4(SePh)2]+ NCs are
nearly unchanged, exhibiting more thermodynamically stable
than both Au11(PPh3)7Cl3 NCs and Au11(PPh3)8Cl2 NCs.

Alternatively, the strategy of foreign metal atom dop-
ing also exhibits a potential for improving the stabil-
ity of metal NCs. To date, various metals including Pd,
Pt, Cu, and Ag have been reported for metal-doped-NCs
and showed the ability to alter the overall stability of
metal NCs. Negishi et al. proposed a mono-Pd-doped
Au25(SC12H25)18 NC to fabricate Pd1Au25(SC12H25)18 NCs
based on a previously reported synthesis protocol.[91] The
results of time-dependent absorption spectra and MALDI-
MS revealed that the Pd1Au24(SC12H25)18 NCs are more
stable against degradation in solution (Figure 1D, (1)) and
laser dissociation (Figure 1D, (2)), respectively, in com-
parison with Au25(SC12H25)18 NCs with the same struc-
ture, indicating that the doping of a central atom is a pow-
erful method to enhance the thermodynamic stability of
metal NCs. Depending on the same principle, they further
synthesized Ag-doped Au NCs to obtain Au25-nAgn(SR)18
(n = 0–11) using the same ligands.[92] In addition, the
Jin group reported single-Pt-atom-doped Au25(SC2H4Ph)18
NCs.[93] They found that pure Pt1Au24(SC2H4Ph)18 NCs can
be obtained from the mixture of Pt1Au24(SC2H4Ph)18 and
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Au25(SC2H4Ph)18 NCs under treatment with concentrated
hydrogen peroxide (H2O2). The results demonstrated that
H2O2 can selectively decompose Au25(SC2H4Ph)18 NCs,
indicating that Pt1Au24(SC2H4Ph)18 NCs are more stable
than Au25(SC2H4Ph)18 NCs. This greatly improved stability
was ascribed to the stronger interaction between the central
Pt and the Au12 icosahedral cage. Bootharaju et al. presented
a compositionally uniform [Ag24Au(SR)18]− NC originated
from a pure [Ag25(SR)18]− NC via a galvanic exchange
protocol. It was shown that the successful exchange of the
central Ag of Ag25 NCs with Au enhanced NC’s stability
significantly.[94]

Apart from the ligand-assisted and metal-doped meth-
ods, counter ions have also been validated by both, exper-
imental and theoretical means, showing their probability to
improve the NCs’ stability. Yao and coworkers proposed
an electrostatic interaction assisted stability enhancement
approach for hydrophilic metal NCs coated with hydropho-
bic cations to about half of a monolayer coverage.[95] Zheng’s
group compared [(PPh3)2N]+ and PPh4

+ as counter cations
to affect the thermodynamic stability of [M12Ag32(SR)30]4–

NCs, in which M represents Ag, Au, and SR represents SPhF,
SPhF2, and SPhCF3.[86] They found that the [(PPh3)2N]+

ions were deleterious to the NCs’ stability. Moreover, the
(PPh4)4[Au12Ag32(SPhF2)30] NCs were reported to be more
stable in dimethylformamide (DMF) than that in air, and that
for more than 8 days.

3 DEVICES WITH METAL NCs

Atomically precise metal NCs for various applications (i.e.,
imaging,[46,96–98] catalysts,[99–101] etc.) have been studied
extensively, which derive from the unique physical characters
of metal NCs and benefit from the rapid growth of the synthe-
sis approaches for high-quality metal NCs. Opening up appli-
cable devices with metal NCs in untapped research fields,
similar to semiconductor areas, such as solar cells[1,102]

and transistors[47,48], have attracted continuous attention in
the nanomaterial research community in the last few years.
Besides, fluorescent metal NCs provide convenience to fab-
ricate colorimetric and fluorimetric sensing testers, which
mostly depends on the fluorescence quenching of metal
NCs.[103,104] We discuss above mentioned NC-based devices
in detail by classifying them into different types of functions.

3.1 MCSCs

SCs are the device of photovoltaic energy conversion.[105,106]

Upon light irradiation, the photogenerated electrons and holes
are generated as the light-induced transition from the ground
state to the excited state. They are conveyed away by the
electron or hole transport. The excited electrons must go
through external applications involving an electrical load
or some storage. For instance, a typical DSSC includes
a nanocrystalline titanium dioxide (TiO2) electrode coated
with a dye on a transparent conducting oxide as the photo-
electrode, an electrolyte solution based on dissolved iodide
ion/triiodide ion (I−/I3

−) redox couple between the electrodes
and platinum thin-film as the counter electrode. The primary
charge-transfer process occurred at the TiO2/dye/electrolyte

interface. The light-induced transition of the sensitizer dye
is from the ground state to the excited state, where the
excited electrons were injected into the conduction band of
TiO2 and subsequent regeneration of the sensitizer dye by
(I−/I3

−) redox couple.[41] Possessing molecule-like proper-
ties, metal NCs were found to be able to capture and con-
verse incident photons to electricity.[102,107] Kamat group
reported MCSCs using Au:SG NCs as sensitizers.[36] The
as-prepared NCs exhibited orange emission with a max-
imum at 600 nm, indicating excited-state deactivation of
these NCs through a radiative route. Typically, the working
MCSC devices were fabricated by using the Co(bpy)3(PF6)2/
Co(bpy)3(PF6)3 redox couple as the electrolyte, Pt-deposited
fluorine-doped tin oxide (FTO) as the counter electrode, and
the Au NCs-sensitized TiO2 casted on FTO as the photoan-
ode (Figure 2A). The mechanism of MCSCs was shown sim-
ilarly to those found in both DSSCs and quantum dot-based
solar cells (QDSCs). The external quantum efficiency or inci-
dent photon to photocurrent generation efficiency (IPCE) of
MCSC was observed with its maximum IPCE of 70% at
400–425 nm, the region of which indicates the highly effi-
cient conversion of captured incident photons to electrical
energy. It was found that its highest IPCE was comparable to
the CdS-based QDSC with IPCE value of 80%. In addition,
the maximum PCE was 2.03–2.36% in MCSCs, close to 2–
3% noted for CdS-based QDSCs. This high light conversion
efficiency was ascribed to the higher HOMO-LUMO energy
gap and stronger interaction with TiO2, which enables effec-
tive electron injection. Additionally, the Co2+/Co3+ redox
couple, committing the delivery of steady photocurrent, con-
tributed to the high PCE. Though such a great breakthrough
with high efficiency has been achieved in MCSCs; how-
ever, a comprehensive understanding of which factors dic-
tated light-harvesting efficiency in MCSCs is still limited.
Abbas and coworkers, on the one hand, investigated the size
effect of NCs on MCSC performance using four diverse-sized
Au NCs, namely, Au10-12(SR)10-12, Au15(SR)13, Au18(SR)14,
and Au25 (SR)18 NCs (Figure 2B).[102] Among them, the
highest PCE was observed in Au18(SR)14-based MCSCs
with a value of 3.8%, superior to the previous report with
2.36 %,[36] which is attributed to their advantageous elec-
tron transfer kinetics and strong visible light-harvesting abil-
ity. On the other hand, the authors compared the open-
circuit voltage (VOC) and short-circuit current (JSC) from
current-voltage (J-V) curves of Au18(SR)14-based MCSCs
with I–/I3– and Co2+/Co3+ redox couples. The dramatic
drop of JSC in MCSC with the Co2+/Co3+ redox cou-
ple resulted in a PCE decrease from 3.8% to 2.7%, since
the bulky ligands of Co2+/Co3+ would inhibit the effective
mass transport. This indicated that this new record was in
part because of the efficient redox couple I–/I3–. Recently,
Stamplecoskie et al. proposed photovoltaics as a tool to
determine the photocatalytic activities and some electronic
properties of Aux-SH NCs, and selected Au18(SR)14 NCs-
and Au25(SR)18 NCs-MCSCs as models.[108] The result
suggested that long-term stability and high solar energy
harvesting efficiency were obtained in Au18(SR)14/Co2+/3+

electrolyte-based MCSCs compared with those in I–/I3– elec-
trolyte. Additionally, the HOMO energy of >0.95 eV was
determined for this MCSC, which qualified it as promising
candidate for photo-oxidation of substrates. Meanwhile, apart
from the Au NC-MCSCs, other metal NC-based MCSCs have
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F I G U R E 2 Representative demonstration of MCSCs: (A) Schematic illustration of the working principle of MCSCs. Reproduced with permission.[36]

Copyright 2013, American Chemical Society. (B) Energy diagrams of TiO2, Au NCs-sensitizers as well as redox couples. Reproduced with permission.[102]

Copyright 2016, American Chemical Society. (C) Schematic structure of MCSC assembled with Ag-Au alloyed-sensitizers. Reproduced with permission.[117]

Copyright 2015, Elsevier

also been reported. Bang’s group proposed Ag16(SR)9-based
MCSCs with I–/I3– electrolyte.[109] The VOC and JSC of the
as-prepared MCSC were 650 mV and 617 µA/cm2, respec-
tively, which were five-fold superior to those found in pre-
vious reports, demonstrating the extensive potential of Ag
NCs for further improvements of MCSCs. The PCE of Ag
NCs-MCSCs was estimated to be 0.26%. It is found that,
however, the intrinsic chemical and photochemical instabil-
ity of Ag NCs under continuous illumination hinders the fur-
ther application in MCSCs. Thus, the degradation mecha-
nism of Ag NCs-modified photoelectrodes in MCSCs was
further investigated.[110] The result indicated that the grad-
ual transformation of Ag NCs to NPs under continuous illu-
mination resulted in the decreased photocurrent. Hereafter,
they devised a novel strategy to synthesize stable aggregation-
induced emission (AIE) type Ag NCs with Ag(0)/Ag(I)-
thiolate core/shell-structured NCs to tackle with the limi-
tation of conventional Ag NCs as aforementioned.[111] It
should be noted that AIE is an important mechanism for
the strong luminescence emission of NCs, that is, non-
luminescent oligomeric Au (I)-SR complexes are able to
emit strong luminescence by aggregation and have been
proved significantly important in various metal NC-based
applications.[112–115] The presence of Ag(I)-thiolate com-
plexes could significantly improve the stability of Ag NCs
by preventing the Ag(0) core inside from being oxidized.
As a result, an enhanced PCE of 1.40% was achieved,
much higher than 0.26% of the conventional case,[109] offer-
ing an important milestone in the development of Ag NC-
based MCSCs. Additionally, nanoalloy NC-MCSCs were
first reported with Ag-Cu NCs by the Chen group.[116]

Specifically, the authors utilized a spray-coating strategy
to fabricate Ag-Cu bimetallic-NC-modified TiO2 photoelec-

trodes. The syntheses of alloying NCs as Ag1Cu3, Ag3Cu1,
and Ag1Cu1 were investigated in this study. The results indi-
cated that MCSCs with a Cu-rich alloy exhibit the highest
PCE (>1%) and possess more stable JSC and VOC, which
are ascribed to the presence of Ag and Cu, respectively. Fur-
ther mechanism investigations revealed that electron transfer
in bimetallic Ag-Cu NCs occurs from Cu into Ag followed by
the electron injection from Ag into the TiO2 conduction band.
In the monometallic case, the injection of electrons is sim-
ply from the NCs to the TiO2 conduction band. In addition,
they studied the influence of bimetallic Ag-Au NCs on the
properties of MCSCs in comparison with monometallic Ag or
Au NC-MCSCs (Figure 2C).[117] The photocurrent of alloyed
Ag-Au NC-sensitized TiO2 electrodes was constant, whereas
those in both Ag-based and Au-based electrodes decreased,
suggesting that alloyed NCs are beneficial to maintain the
photocurrent stability of MCSCs. Besides, the bimetallic NC-
MCSCs exhibited an enhanced JSC and PCE compared to that
of monometallic NC-MCSCs. These results illustrated that
alloying NCs possess the potential to be a new class of photo-
sensitizers. It should be noted, despite the fact that Pt and Pd
NCs have been demonstrated to have photoelectrochemical
properties, there are to the best of our knowledge not much
reports on assembled MCSCs using these NCs.[118] Devel-
oping a suitable strategy for fabricating MCSCs using these
metal NCs as photosensitizers is still challenging.

3.2 Metal NC-based strain sensors

Flexible strain sensors can respond the mechanical defor-
mations through changes in electrical signals (e.g., resistive-
and capacitive-type sensors), monitoring the real-time human
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F I G U R E 3 Representation of metal nanocluster (NC)-based strain sensors: (A) Schematic structural illustration of Ag44@Te NWs. (B and C) Raman
images showing the distribution of Te (B) and Ag44 NCs (C), respectively. (D) Transmission electron microscopy (TEM) image of the crossed assembly formed
the bilayer structure of Ag44@Te NW. The inset is a schematic of the assembly Ag44@Te NW. (F) Conductivity change of the Ag44@Te NW-based electronic
device on polyethylene terephthalate substrate. Reproduced with permission.[122] Copyright 2016, Wiley-VCH

activities, have been successfully introduced, and recently
received tremendous attention.[119–121] Basically, the strain
sensor is composed of electrically conductive sensing films
with flexible substrate for resistive-type sensor or a highly
compliant dielectric layer between the stretchable electrodes
pair for capacitive-type sensor, coupled with relatively sim-
ple read-out system. Thanks to ultra-small size and vari-
ous functionalities, atomically precise NCs easily anchor on
other nanostructures to constitute new composite structures,
possessing new properties different from both, the NCs and
the anchored units. Som et al. created bilayer assemblies
of nanowires (NWs) by anchoring 44-silver-atom-NCs pro-
tected with para-mercaptobenzoic acid (p-MBA) as ligand,
abbreviated as Ag44 (Figure 3A).[122] The Ag44 NCs were
immobilized on the surface of Te NWs by mixing the pre-
cursor solutions in DMF. The structures were further puri-
fied by centrifugal precipitation of Ag44@Te NWs. These
composites exhibited features of both, Ag44 and Te NWs as
confirmed from their optical spectra. Furthermore, a direct
confirmation of Ag44 NCs anchored on the NWs was con-
ducted by Raman spectroscopy. The corresponding intensity
maps of the Te NWs (as measured by the characteristic Te
Raman peak) and Ag44 NCs (as measured by the character-
istic 4-MBA peak) are shown in Figure 3B,C, respectively.
The assembly was created in an air-water interface similar
to Langmuir–Blodgett film forming process. A transmission
electron microscopy (TEM) image confirmed the crossed
bilayer structure of the assembly, which happens at a specific
NCs concentration on the surface of Te NWs (Figure 3D).
This unusual bilayer structure was generated probably due to
the formation of hydrogen-bonds of p-MBA ligands of two
neighboring Ag44 NCs anchored to adjacent NWs. They fur-
ther concluded that the greater number of hydrogen-bonding
enhances the stability of Ag44@Te NWs, which could be
stable in air for weeks on suitable substrates. In addition,
the potential application of this self-assembled thin film of
Ag44@Te NWs was conducted to be an electronic strain sen-
sor (Figure 3E, inset). This device was fabricated by transfer-
ring Ag44@Te NWs thin films on polyethylene terephthalate

substrates. The electrical conductivity of the device altered
when the substrate was bent, probably due to the change of
the electrical resistance of the device (Figure 3E).

3.3 Metal NC-based sensing devices

Many metal NCs have been designed to be a portable and
simple device for rapid and sensitive detection of ions or
small molecules. Among them, paper-based strip devices
draw increasing attention. The basic sensing mechanism for
the bio-/chemo-sensor was dependent on the rapid reaction
between the analysts and sensor, characterized by colori-
metric, fluorescent, and other methods.[103,123–126] Xie et al.
proposed a facile non-labeled metal NC-based paper strip
for the detection of Hg2+.[123] This device was fabricated
with bovine serum albumin (BSA)-modified Au NCs, which
could be easily captured in the cellulose membrane with the
conjugation of BSA. The detection based on the observation
of the sample-induced color change under UV light (354 nm).
The results showed that the strip fluoresces in weak green
color (the background of cellulose membrane) in the pres-
ence of Hg2+ ions, while it exhibited red fluorescence upon
the addition of other interference metal ions. The specific
determination of Hg2+ with Au NCs was proven based on
the metallic interaction of Hg2+ and Au+, contributing to
the quenching of fluorescence. Similarly, the Baker group
designed a paper-based indicator strip with Au NCs@BSA
incorporated within a sol-gel-derived mesoporous silica film
for the fast and specific recognition of Hg2+ in aqueous
streams. It even showed a pronounced quenching at the
lowest concentration of 0.1 mM.[127] An alternative method
for monitoring Hg2+ ions was developed based on electro-
spun membranes with BSA/poly(ethylene oxide) Au NCs
(BSA/PEO-Au NCs).[124] The as-fabricated sensor showed
good sensitivity toward Hg2+ ions with a limit of detection
(LOD) as low as 57 pM. Later, Senthamizhan et al. presented
a visually colorimetric detection of Hg2+ utilizing Au NCs
integrated into polyvinyl alcohol (PVA) nanofibers, an elec-
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trospun nanofibrous membrane (NFM), preparing composite
AuNC*NFM, with an extremely low LOD of 1 ppb.[103]

Alternatively, Ding and coworkers designed protein-Au
NC-based paper test devices to probe Hg2+ ions.[128] The Au
NCs were conjugated with enoyl-acyl carrier protein reduc-
tase (FabI), a drug target bacterial, producing Au NCs@FabI,
which were entrapped onto nylon film by the electrostatic
interaction between the positively charged nylon film and
the negatively charged Au NCs@FabI at pH 7.4. By taking
advantage of the specific interaction of Hg2+-Au+, the fluo-
rescence signal can be quenched upon the addition of Hg2+.
BSA-capped Au NCs have been reported by Chanda’s group
to detect Pb2+ on paper substrates.[66] The quenching-based
sensing mechanism was due to the metallophilic interaction
of Au+ and Pb2+ similar to that of the detection of Hg2+

with Au NCs. The sensor showed an LOD of 1 ppb, which
was 10-fold lower than the maximum level of drinking water
set by the World Health Organization. Liu et al. proposed
a user-friendly Ag NC-based paper strip for the detection
of Cu2+.[125] The Ag NCs synthesized with azobenzene
modified poly(acrylic acid) (MPAA) were integrated onto
the cellulose paper to fabricate the paper-based device. The
fluorescence of Ag NCs was significantly quenched upon
the addition of Cu2+, which was attributed to the Cu2+-Ag
NCs binding and the energy transfer between them. In
contrast, the fluorescence intensity was nearly unaltered in
the presence of other interference metal ions and anions
expect Ni2+ with a small extent of fluorescence quenched,
showing its selective indication for Cu2+. In another work,
Senthamizhan et al. reported dithiothreitol (DTT) functional-
ized Au NCs (DTT.AuNCs) embedded in a porous cellulose
acetate fiber for the determination of Cu2+.[129] The further
investigation of the sensing mechanism indicated that Cu2+

can be reduced to Cu+ by DTT and then react with Au
through metallophilic interaction, thus resulting in effective
fluorescence quenching. In another report, Ag NCs capped
with polymethylacrylic acid were used in a paper-based strip
for the colorimetric detection of Fe2+.[130] The obvious color
change on the strip can be easily observed by bare eyes due to
the growth size of NCs to NPs induced by Fe2+. In addition,
this sensor exhibited good selectivity over other common
anions due to the cation exchange property of the membrane.

In addition, great progress has been made concerning paper
strip sensors with according Au NC-based multifunctional
nanocomposites. Bothra et al. developed a BSA-Au NC based
cellulose strip modified with vitamin B6 cofactor pyridoxal
for assaying Hg2+ up to 1 nM.[131] The practical applica-
tion of this device was examined with water samples (tap
water as well as river water), and samples from human beings
(urine and plasma). More recently, Sun et al. proposed dual-
emissive fluorescence detection of Hg2+ using two types of
Au NCs, BSA-Au NCs and L-cysteine (Cys)-Au NCs. BSA-
Au NCs emitting red color served as detecting probes, while
Cys-Au NCs emitting blue color as reference.[126] The results
indicated that the red fluorescence of the BSA-Au NCs was
quenched upon the addition of Hg2+ in comparison with
the intact blue fluorescence signal of Cys-Au NCs, enabling
visually colorimetric detection of Hg2+ (Figure 4A). Wang’s
group presented a ratiometric test strip based on green emis-
sive Au NCs doped in PVA films.[132] The Au NCs were first
synthesized with glutathione (GSH) and mercaptopropionic
acid (MPA), followed by the conjugation to the surface of sil-

ica NPs decorated with quantum dots (named as QD@SiO2-
MPTS). The green fluorescence of the Au NCs was quenched
in the presence of Pb2+, while the red fluorescence was still
observed as internal reference. This device exhibited a visual
LOD of 0.1 µM when indicating Pb2+ in water, showing its
potential in on-site identification of Pb2+ without any elab-
orated equipment. Qi et al. reported the detection of Hg2+

with paper-based sensors embedded with Terbium(III)/gold
NCs (Tb3+/BSA-Au NCs) conjugates, where BSA-Au NCs
work as signal probes while Tb3+ is used as a reference.[133]

This Tb3+/BSA-Au NCs-derived paper-based sensor can eas-
ily sense Hg2+ by using a handheld UV lamp. Upon the addi-
tion of Hg2+, the visual fluorescence color change from red
to green was evidenced under the illumination of a handheld
UV lamp. Qiao et al. proposed fluorimetric paper strips based
on Au-Ag NCs for probing Hg2+.[104] The test strips were
initially loaded with Au-Ag NCs followed with drying in the
vacuum on the hydrophobic pattern, which could suppress
“coffee stains” and warrant for the uniform distribution of the
probes on the strips. Then the paper strips were treated with
hydrophilic amine-derivatized silicane to obtain high aqueous
stable and improved fluorescent probes. When exploring the
probing selectivity of the fluorimetric paper strips, however,
the interference of Cu2+ ions caused fluorescence quenching
to some degree, which can be prevented with the introduction
of ethylenediaminetetraacetic acid (EDTA), a strong chelat-
ing agent. The results indicated that higher sensitivity can be
achieved with this developed fluorometric test strip, which
exhibits good fluorescence quenching efficiencies (66%) in
comparison with the commercial test strip (44%).

Additionally, the paper test sensors were achieved to deter-
mine multiple target analysts. The Sahoo group presented
fluorescent turn-on easy probing of Zn2+ and Cd2+ with
cellulosic strips with polyethyleneimine-modified Ag NCs
(PEI-Ag NCs), which were conjugated with the B6 cofac-
tor pyridoxal 5′-phosphate (PLP), named as PLP_PEI-Ag
NCs.[134] Irradiated under UV light at 365 nm, this PLP_PEI-
Ag NCs modified paper strip exhibited yellow fluorescence,
which can be changed to bluish-green when dipping in the
solutions containing Zn2+ and Cd2+, while no detectable
fluorescence change was observed in the presence of other
interference metal ions. Importantly, the yellow fluorescence
can be recovered when the used bluish-green fluorescent
strip is immersed in the solution of EDTA, showing its good
reusability. Another interesting paper-based device using
GSH-modified Au NCs fabricated by Bian et al. was used
for the determination of Hg2+ and Pb2+.[135] An obvious
quenched and enhanced fluorescence was exhibited in the
presence of Hg2+ and Pb2+, respectively, contributing to the
selective detection of these two ions over other metal ions.
Similarly, the test strip showed good recyclability as the
restoration of fluorescence could be achieved by dipping in
the EDTA solution. A recent study reported by Sang et al.
utilized methionine-modified Au NCs (Met-Au NCs) for the
detection of Cu2+ and Co2+.[136] The orange-red fluorescent
test paper was quenched in the presence of Cu2+ and Co2+,
which can be easily recognized with the naked eye when
illuminated with a UV lamp (365 nm excitation). Moreover,
tartaric acid was selected to distinguish Cu2+ and Co2+, in
which the fluorescence quenched by Co2+ was restored while
the quenched fluorescence by Cu2+ still remained unchanged
even in the presence of tartaric acid.
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F I G U R E 4 Representation of metal nanocluster (NC)-based devices on chemo-/bio-sensing: (A) Schematic illustration of the working principle of
Cys/BSA-Au NCs fluorescent strips for sensitive determination of Hg2+. Reproduced with permission.[126] Copyright 2019, Elsevier. (B) Schematic demon-
stration of the electronic-eye platform with Ag-Au NCs based on the AIEE effect for the detection of thiram. Reproduced with permission.[143] Copyright
2019, Elsevier. (C) Metal NC-based microfluidic sensor. (1) A thermometer-like BSA-Au NC-based platform for detecting Cu2+. (2) Schematic demonstration
of thermometer-like biosensor structure. (3) The pattern of fluorescence quenching in the presence of Cu2+. The concentration of Cu2+ from left to right:
500, 250, 100, 50, and 5 µM, respectively. Reproduced with permission.[144] Copyright 2015, The Royal Society of Chemistry. (D) Au-Pt NC-based hydrogel
film sensor. Schematic illustration of (1) sensing mechanism and (2) visual detection of glucose in human serum using Aga/Au–PtNCs/GOx/TMB hydrogel
film sensor. (3) Practical investigation of this as-synthesized hydrogel film senor in human serum samples in comparison with clinical diagnosis results. “H”
and “D” indicated those who were clinically diagnosed to be healthy and diabetic, respectively. Reproduced with permission.[99] Copyright 2017, The Royal
Society of Chemistry

Additionally, NC-based paper strips have found their
potential in determining some small molecules. Mathew et al.
developed a BSA@Au NC-based sensor conjugated with the
specific enzyme acetylcholinesterase (AChE) for the detec-
tion of acetylcholine (ACh).[137] AChE can cause the hydrol-
ysis of ACh to choline, leading to the fluorescence quench-
ing of the Au NCs. An on-off-on sensor presented by Zhao
et al. for sensing GSH was fabricated based on Cu2+ function-
alized transferrin coated Au NCs (Au NCs@Tf-Cu2+).[138]

Upon the introduction of Cu2+, the fluorescence of the sen-
sor was quenched and then recovered in the presence of
GSH, while the sensor was inert to other biothiols such as
Cys and homocysteine (Hcy), indicating this as-prepared sen-
sor as a selectively sensing platform toward GSH. Interest-
ingly, the Sony group proposed a paper-based probe with
KI3-quenched BSA-Au NCs to detect Cys and Hcy, which
devoid the interference of GSH.[139] Upon the introduction

of KI3, due to the I2 induced S-S bond forming between
BSA, BSA-Au NCs aggregated, which can be confirmed by
TEM images, and thus quenched fluorescence was observed
thanks to energy transfer. When introducing the Cys/Hcy,
which can reduce the S-S bond between BSA, the dissoci-
ation of NPs to Au NCs occurred, and the quenched flu-
orescence recovered. In addition, further studies indicated
that Cys and Hcy can be distinguished through the pH value
(6.0–10.6) because paper strips with Hcy maintained an obvi-
ous pink color up to a pH of 6.5 compared with the dimin-
ished color from the pH of 8.7 in the presence of Cys. Sim-
ilarly, Wang et al. proposed a turn-on fluorescent paper strip
for the determination of alkaline phosphatase (ALP) based
on KMnO4-quenched BSA-Au/Ag NCs, which were modi-
fied with ascorbic acid 2-phosphate (AAP).[140] Based on the
catalysis mechanism, the AAP can be decomposed to ascor-
bic acid (AA) and phosphate catalyzed by ALP. As a result,
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the as-produced AA in the absence of ALP can contribute to
rescue the quenched fluorescence, leading to the restored flu-
orescence of Ag/Au NCs. Lu’s group presented cytochrome
c (Cyt c)-mediated GSH-Au NCs for monitoring trypsin.[141]

The quenched and restored fluorescence was ascribed to the
presence of Cyt c and trypsin, respectively. Significantly, the
quantitative detection of trypsin can be achieved by combin-
ing a smartphone and the ImageJ software to be a promis-
ing platform for a point-of-care application. The Chen group
developed BSA-Au NCs on a paper-based colorimetric plat-
form for the determination of rifampicin, a common drug for
inactive meningitis, cholestatic pruritus, and tuberculosis, in
urine.[142] Upon the addition of rifampicin, the fluorescence
of this as-prepared colorimetric assay got quenched, which
can be easily observed with the aid of a digital camera.

In recent years, sensing pesticides utilized in agriculture
became a research focus as they could give rise to the criti-
cal pollution of food and the environment. Yan et al. created
chicken-egg-white-capped Au NCs for the sensitive assay-
ing of paraoxon, a kind of organophosphorus pesticide.[37]

This platform detected paraoxon in the medium of tyrosinase
(TYR) and dopamine (DA). Initially, DA can be catalyzed
to dopaminechrome by TYR, resulting in the effective fluo-
rescence quenching of Au NCs. However, the introduction of
paraoxon could impede the catalytic activity of TYR that con-
tributed to the restoration of fluorescence intensity. Zhao et al.
presented on-site detection of thiram with Ag+-conjugated
GSH-Au NCs probes based on the AIE enhancement (AIEE)
effect.[143] Owing to the AIEE effect, the fluorescence of Au
NCs was enhanced in the presence of Ag+. However, upon
the addition of thiram, the fluorescence-enhanced intensity
was weakened due to the strong interaction between Ag+ and
thiram. Moreover, the paper strip was shown in an electronic-
eye system with the aid of a smartphone, developing a user-
friendly, portable, and simple platform for the detection of
thiram (Figure 4B). Besides, the paper-based microfluidic
sensor has emerged as another promising and rapid sens-
ing strategy. For instance, Fang et al. developed a microflu-
idic sensor based on BSA-Au NCs for the determination of
Cu2+.[144] The fluorescence quenched when Cu2+ ions were
flowing through the test strip (Figure 4C). In addition, it was
reported that the LOD can be modulated by changing the
water-absorbing capacity of the microfluidic sensor. An alter-
native detection for citrate was fabricated with Cys-Au NCs
based on a paper-based microfluidic sensor.[145] The oxida-
tion of 3,3′,5,5′-tetramethylbenzidine (TMB) can be induced
by Cys-Au NCs upon the addition of H2O2 to generate a
blue-colored product. However, the presence of citrate can be
capped on the Au NCs’ surface, which inhibited the catalytic
activity of Cys-Au NCs, thus providing efficient colorimetric
detection of citrate.

Apart from the paper-based device, metal NCs have been
successfully utilized in other platforms such as hydrogel
films, agar matrixes, glass slides, etc. for the target sens-
ing. For example, Feng et al. presented a novel strategy for
assaying glucose based on an agarose (Aga) hydrogel matrix,
which consists of Au-Pt NCs, glucose oxidase (GOx), and
TMB to form Aga/Au-Pt NCs/GOx/TMB sensor.[99] The
TMB can be oxidized under NCs catalysts and generated
a blue-colored product in the H2O2-mediated condition, in
which the H2O2 was the by-product of the glucose oxidized
by GOx (Figure 4D, (1)). For the practical investigation, glu-

cose detection in human serum with this as-prepared plat-
form was compared with clinical diagnosis (Figure 4D, (2,
3)). The highly consistent results indicated that it is a promis-
ing practical method to monitor glucose. Yin’s group pro-
posed Au NC-based membranes for assaying H2O2 with as-
synthesized Au NCs casted in an agar matrix, which offers
convenient transportation and long-term stability.[146] The
research showed that this sensor was capable of visual detec-
tion of H2O2 in the range of 0–3.22 mM. Su et al. devel-
oped a glass-based sensor anchored with polyelectrolytes-
conjugated BSA-Au NCs for the detection of Cu2+.[147] The
as-modified glass sensor exhibited fluorescence quenching
toward both, Cu2+ and Hg2+, while the presence of Sn2+

helped to distinguish Cu2+ from the interference of Hg2+.
Further studies showed that an excellent reusability of this
sensor can be achieved using EDTA, which can be used
for at least 15 times. Another interesting work toward Hg2+

sensing was proposed by the Pradeep group. They applied
fluorescein isothiocyanate (FITC)-modified BSA-Au NCs as
probes, which were embedded in Nylon-6 nanofibers based
on a glass platform.[148] By taking advantage of the insen-
sitivity of Hg2+ to the green fluorescent FTIC, the red fluo-
rescence of Au NCs was quenched upon the introduction of
Hg2+ ions, while the green fluorescence was evident under
dark field fluorescence microscopy, demonstrating its selec-
tivity to Hg2+ over other metal ions still with red fluores-
cence. Recent advances in chemo-/biosensors based on metal
NCs are summarized in Table 1.

3.4 Metal NC-based transistors

The field-effect transistor (FET) devices are composed of
three terminals, source, gate, and drain corresponding to base,
collector, and emitter of bipolar transistor, respectively, and
possess the ability of controlling the conductivity between
the drain and source varies by the electric gate field.[149,150]

The electronic properties of metal NCs and NPs films are
determined by the size of their metallic core, and the length
and chemical composition of their colloid organic ligands,
which give them colloidal stability in solution. A smaller core
size will increase the energy gap between the discrete energy
levels of the NCs and NPs, and longer organic ligands will
increase the distance between the metallic cores, and thus
decrease the coupling. Both characteristics will increase the
resistance to electron transport in the film.

In NC and NP films at low temperature, charge transport
is dominated by tunneling between the discrete energy lev-
els of the individual metal nanocrystals.[151,152] This results
in an electrostatic Coulomb repulsion between the charged
metal NPs, which requires a minimum applied voltage to be
overcome and for the charge to flow. In addition, a gate volt-
age can be used to charge the film and activate charge trans-
port across the discrete energy barriers, leading to conduc-
tance spikes at certain gate voltages known as Coulomb oscil-
lations. To observe such ordered Coulomb blockade behav-
ior, well-ordered films of monodisperse MCs are necessary.
The Langmuir–Blodgett (LB) method is one such way of
preparing ordered monolayer films of metal NP, with great
care necessity in optimizing the deposition parameters.[153]

Highly ordered, LB-deposited CoPt NP monolayer films
exhibit thermally activated hopping charge transport between
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TA B L E 1 Summary of recent advances in NCs-based chemo-/biosensors

Analyte NC-based sensor
LOD/test
range Methods/mechanism Device features Reference

Metal ions

Hg2+ BSA-Au NCs 0.1 ppb Fluorescence quenching of Au NCs by
Hg2+-Au+ interaction

Captured in the cellulose
membrane

[123]

AuNCs@BSA 0.1 mM Fluorescence quenching of Au NCs by
Hg2+-Au+ interaction

Trapped in a
sol-gel-derived
mesoporous silica film

[127]

BSA/PEO-Au NCs 57 pM Fluorescence quenching of Au NCs by
Hg2+-Au+ interaction

Based on electrospun
membranes

[124]

AuNC*NFM 1 ppb Visual fluorescent response to Hg2+ Integrated into
electrospun PVA
nanofibers

[103]

Au NCs@FabI 1 nM to 10
µM

Hg2+ ions quenched fluorescence signal
from the membrane

Entrapped onto nylon film [128]

BSA-Au NC-B6 up to 1 nM Selective fluorescence quenching of Au NCs Using cellulose strip [131]

BSA-Au NCs and
Cys-Au NCs

9 nM Hg2+-induced red fluorescence quenching of
the BSA-Au NCs while blue fluorescence
signal of Cys-Au NCs is intact

Immobilized onto filter
papers

[126]

Tb3+/BSA-Au NCs 1 nM Ratiometric fluorescent probes based on the
quenching signal of BSA-Au NCs and
intact fluorescence of Tb3+ as a reference

Using filter papers [133]

Au-Ag NCs 0.1 mM Fluorimetric analysis of Hg2+ Porous test strip [104]

Au@BSA/FITC/N6 down to 1 ppt Luminescence quenching of
Au@BSA/FITC/N6 fibers due to Hg2+

Embedded in Nylon-6
nanofibers based on a
glass platform

[148]

Pb2+ DTT-mediated
AuNC@BSA

0–2.5 ppm Fluoresence quenching by the metallophilic
interaction of Au+ and Pb2+

On paper substrates [66]

Au@GSH/MPA
decorated with
QD@SiO2-MPTS

0.1 µM Green fluorescence of the Au NCs was
quenched in the presence of Pb2+, while
the observed red fluorescence as internal
reference

PVA films [132]

Cu2+ Ag NCs-MPAA 20 µM Fluorescence quenching of Ag NCs in the
presence of Cu2+

Integrated onto the
cellulose paper

[125]

DTT.AuNCs 50 ppb Cu2+ can be reduced to Cu+ by DTT and
then react with Au through metallophilic
interaction

Embedded in a porous
cellulose acetate fiber

[129]

BSA-Au NCs 0.1-500 µM Fluorescence quenching Microfluidic sensor [144]

polyelectrolytes-
conjugated BSA-Au
NCs

100-500 µM “Off-on” fluorescence signal by Cu2+ and
EDTA

Glass-based sensor [147]

Fe2+ AgNCs-PMAA 50 µM Due to the growth size of NCs to NPs
induced by Fe2+ measured by the
plasmonic band and by naked eye

Impregnated on a
cellulose filter paper
and then coated with an
ion exchange
polymeric membrane

[130]

Zn2+ and
Cd2+

PLP_PEI-Ag NCs Fluorescence enhancement may be due to
the tetragonal coordinative interaction of
Zn2+/Cd2+ with the imine-N and the
hydroxyl (–OH) groups of PLP

Using cellulosic strips [134]

Hg2+ and
Pb2+

GSH- Au NCs 5 µM (Hg2+)
and 50 µM
(Pb2+)

Aggregation-inducedfluorescence quenching
and aggregation-induced fluorescence
enhancement of AuNCs by Hg2+ and
Pb2+, respectively

Using test papers [135]

Cu2+ and
Co2+

Met-Au NCs 47 pM (Cu2+)
and 420 pM
(Co2+)

Recognized with the naked eye when
illuminated with a UV lamp (365 nm
excitation)

Using filter papers [136]

Molecules

ACh BSA@Au NC-AChE 10 nM AchE can cause the hydrolysis of ACh to
choline, leading to the fluorescence
quenching of the Au NCs

Using filter papers [137]

(Continues)
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TA B L E 1 (Continued)

Analyte NC-based sensor
LOD/test
range Methods/mechanism Device features Reference

GSH Au NCs@Tf-Cu2+ Fluorescence of the sensor was quenched
and then recovered in the presence of
GSH

On treated filter paper
strips

[138]

Cys and
Hcy

KI3-quenched BSA-Au
NCs

When introducing the Cys/Hcy, which can
reduce the S-S bond between BSA, the
dissociation of NPs to Au NCs occurred
and the quenched fluorescence recovered

On paper strips [139]

ALP KMnO4-quenched
BSA-Au/Ag NCs-AAP

AAP can be decomposed to AA and
phosphate catalyzed by ALP. And
generated AA in the absence of ALP can
contribute to rescue the quenched
fluorescence, leading to the restored
fluorescence of Ag/Au NCs

On filter papers [140]

Trypsin Cyt c-mediated GSH-Au
NCs

1-100 µg /ml The quenched and restored fluorescence was
ascribed to the presence of Cyt c and
trypsin, respectively

On common absorbent
paper

[141]

Rifampicin BSA-Au NCs 5 µg/ml Rifampicin, the fluorescence of this
as-prepared colorimetric assay got
quenched

On filter papers [142]

Citrate Cys-Au NCs 0.4 µM Via the oxidation reaction of TMB by
Cys-Au NCs in the presence of H2O2

A paper-based
microfluidic sensor

[145]

Glucose Aga/Au-Pt
NCs/GOx/TMB sensor

0.34 mM Au–PtNCs–GOx cascade-catalyzed system
with H2O2 as the intermediate toward the
oxidation of TMB

Based on an Aga
hydrogel matrix

[99]

H2O2 Au NC-based membrance 0-3.22 mM Luminescence quenching of Au NCs with
H2O2

Loaded in an agar matrix [146]

Pesticides

Paraoxon TYR-Au NCs- DA 5 ng /ml Off-on fluorescence signal On filter paper strips [37]

Thiram Ag+-conjugated GSH-Au
NCs

0.05µg/ml AIEE effect of strong interaction between
Ag+ and thiram

Paper strip with an
electronic-eye system

[143]

Abbreviations: AA, ascorbic acid; AAP, ascorbic acid 2-phosphate; ACh, acetylcholine; AChE, acetylcholinesterase; AIEE, aggregation-induced emission enhancement; ALP, alkaline
phosphatase; BSA, bovine serum albumin; DA, dopamine; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; FITC, fluorescein isothiocyanate; GOx, glucose oxidase;
GSH, glutathione; LOD, limit of detection; Met, methionine; NC, nanoclusters; NFM, nanofibrous membrane; PEI, polyethyleneimine; PEO, poly(ethylene oxide); PLP, pyridoxal
5′-phosphate; PVA, polyvinyl alcohol; TMB, tetramethylbenzidine; TYR, tyrosinase.

the metallic cores of the NPs at room temperature, with
Coulomb blockade type transport between the discrete energy
levels dominating at low temperature.[154] Transistor-like
behavior can be observed for highly ordered monolayer films
of highly monodisperse CoPt NPs at low temperature, where
Coulomb blockade dominates charge transport. By apply-
ing a gate voltage in this regime, the films can be shifted
from non-conducting to conducting states, as the energy lev-
els between neighboring NPs are made to align, allowing
charges to flow.[155] Depositing a monolayer film is critical
to observe this Coulomb blockade behavior, since it allows all
of the NPs to be affected simultaneously even by the applied
gate voltage and prevents electrostatic screening between the
NPs.[156] This has been achieved with 3.5 nm CoPt NPs
and amine ligands, deposited onto electrical contacts via the
Langmuir–Blodgett method. For temperatures below 90 K,
the flat conductance observed around 0 V bias indicates that
the charge transport in the film is dominated by Coulomb
blockade. The Coulomb oscillations in these films were able
to achieve on/off ratios of 90% at 10 K.[157]

Metal NCs, which are atomically precise, possess dis-
crete energy levels while larger metal NPs have continuous
bands.[158] These metal NCs are quite similar to semicon-
ducting quantum dots because both exhibit discrete energy
levels due to quantum confinement and are made col-

loidally stable by organic ligands surrounding their inorganic
cores.[47,159,160] However, until recently, films of metal NCs
had not shown semiconducting behavior yet, because the
combination of core ligands had resulted in either Coulomb
blockade behavior or band-like metallic transport.[161,162]

The semiconducting behavior of NCs was first achieved in
[Au25(PPh3)10(SC2H4Ph)5X2]2+ NCs, where X = Cl or Br
(abbreviated as Au25) by carefully tuning both the metal core
and the surrounding organic ligands.[47] In this study, the
FETs were fabricated by depositing Au25 films via spin coat-
ing. The transfer curves of an Au25 FET in Figure 5A clearly
show an on/off ratio of 5 × 104 and a charge carrier mobil-
ity approaching 10–5 cm2 V–1 s–1 at drain voltage (Vd) = 20
V, while the output curves indicate exponential behavior of
the FET below a certain critical Vd (Figure 5B). Both types
of curves reveal n-type transistor behavior of Au25 NCs in
a film. The semiconducting properties of the film are further
confirmed by their photoconductance, with increasing con-
ductivity upon light illumination, as observed in the J-V curve
in Figure 5C, (1). The transfer curve with and without illumi-
nation shows a shift in the doping of the transfer curve, which
indicates that the dominant photoconduction mechanism is
photogating (Figure 5C, (2)).

Very recently, Fetzer and co-workers presented an elec-
trode device of single crystalline micro-crystals, which are

 26924560, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/agt2.132 by T

est, W
iley O

nline L
ibrary on [11/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



AGGREGATE 13 of 18

F I G U R E 5 Representative electronic characterizations of nanocluster (NC)-based transistors: (A-C) Au25 NC films transistor: (A) Transfer and (B)
output curves of field-effect transistor (FET), exhibiting clear transistor behavior. (C) Photoconductivity property: (1) J-V curves with Vg = 0 V and (2)
transfer curves (Vd = 20 V) of Au25 NC films both in dark and irradiated with 635 nm laser. Reproduced with permission.[47] Copyright 2019, Wiley-VCH.
(D-F) Au32-NCs micro-crystal transistor: (D) Optical micrograph of Au electrode coated with micro-crystals on a Si/SiOx device. (E and F) FET transfer
curves of a polycrystalline film with Au32-NCs device (E, blue dotted) and of an individual micro-crystal device (F, red dotted), respectively, in comparison
with negligible leak current (grey dotted). Reproduced with permission.[48] Copyright 2020, ArXiv

self-assembled from Au32(nBu3P)12Cl8 NCs (abbreviated
as Au32-NCs).[48] The Au32-NCs in octane solution were
dispersed onto an acetonitrile subphase, where they self-
assembled into microcrystals as the acetonitrile solvent
evaporated. The microcrystals then sank into a subphase,
depositing onto the prefabricated electrodes, as shown in
the optical image in Figure 5D. The electronic properties
of micro-crystals and polycrystalline films were evaluated
by FET measurements. The corresponding transfer curves
are of a polycrystalline film of Au32-NCs micro-crystals
shown in Figure 5E, compared with the control experiment
of an individual Au32-NCs micro-crystal (Figure 5F). The
results revealed that p-type behavior limited by Coulomb
charging is observed in both cases, indicating holes as main
charge carriers. The mean value of the hole mobility of
single micro-crystal approaches 0.8 × 10–4 cm2 V–1 s–1 at
a source-drain voltage (VSD) = 5 V (Figure 5F) which is
a 100-fold decrease compared with that of micro-crystals
deposited polycrystalline film (Figure 5E). These results
were consistent with values found for previously reported
FETs with Au25 NCs.[47]

Zheng’s group reported a solvent-mediated assembly of
intermetallic (AuAg)34 NCs into one-dimensional poly-
meric (AuAg)34n with Ag-Au-Ag bonds between neighboring
NCs.[163] The anisotropic structures of polymeric (AuAg)34n
chains were confirmed by the parallel formation of (AuAg)34n
NCs to the c-axis of the single crystal, which was separated in
a- and b-axis by 1-ethynyladamantane ligands. FET devices
were fabricated with monomeric (AuAg)34 NCs and poly-
meric (AuAg)34n to detect the conductivity of the crystal. A
single crystal of polymer NCs was transferred onto the Au
electrode, in which the device channel was aligned with the
a- or c-crystallographic axis. The average electrical conduc-

tivity along the c-crystallographic axis of the polymeric crys-
tal showed near 1800-fold higher than those of the a-axis
of polymeric (AuAg)34n NCs and of monomeric (AuAg)34
NCs. This indicated that the -Ag-Au-Ag- chains in the poly-
meric crystal are advantageous to carrier transport. Further
semiconductor measurements were conducted on single poly-
meric crystals along the c-axis. The transfer curves revealed
p-type field effect, indicating a hole conduction mechanism,
and showed an on/off current ratio of around 4 × 103, and
the charge carrier mobility was calculated to be 2.46 × 10−2

cm2 V−1 s−1 at VSD = –16 V. It is worth noting that the
mobility of the polymeric crystal is higher than for other
reported NCs,[47,48] which is in the range of the common p-
type single-crystal organic semiconductors[164] and close to
that of CdSe QDs.[165]

3.5 NC-based floating memory devices

Metal NP-based floating memory devices have been stud-
ied for over 10 years.[25,26] The floating memory device
was developed consisting of a triple-layer structure of two
semiconducting or insulating organic layers as well as a
middle discontinuous metal layer, which were sandwiched
between two metal electrodes.[25,166] The charge storage
performances were evaluated using capacitance-voltage (C-
V) and conductance−voltage (G−V) characterizations. Only
recently, floating memory devices based on atomically pre-
cise Au NCs have been investigated. Hirata et al. fabricated
NC-based floating memory devices consisting of uniform
monolayer films of thiolated Au NCs (Au: SR, R = C12H25)
formed by the Langmuir–Blodgett method, which are sand-
wiched between an insulating polymer film and a SiO2 layer.
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14 of 18 AGGREGATE

F I G U R E 6 Representative illustration of nanocluster (NC)-based floating memory devices: (A) Schematic structure of an Au NC-based floating memory
device. (B) The C-V curves with the largest Vth value of the floating memory device made using Au38(SR)24 NCs. Reproduced with permission.[167] Copyright
2017, American Chemical Society

(Figure 6A).[167] C-V measurements were used to evaluated
electric properties of Au: SR-based floating memory devices.
The negligible hysteresis was observed in the C-V mea-
surements of the reference devices comprising a hydropho-
bic insulating layer with fluoropolymer (CYTOP) and with-
out Au: SR NCs as an active layer. They found that the
most effective devices, showing the largest voltage width
(Vth) value of hysteresis curves, were made using Au38(SR)24
(R = C12H25), which possesses the largest energy gap
between their HOMO and LUMO layers (Figure 6B). Fur-
ther investigation on the frequency dependence of C-V and
G−V was conducted in Au38(SR)24-based floating memory
devices in comparison with the reference devices, confirming
that the observed hysteresis originating from the Au: SR NCs.
Further studies showed that similar behavior can be obtained
for similar-sized Pd-doped Au (AuPd: SR) NCs in addition to
Au: SR NCs.[168] Negative and positive shifts in C-V curves
from reference measurements additionally showed that both,
hole and electron injection from the Au electrodes to the NCs
caused the observed hysteresis in the floating gate devices.
The ratios of injected hole to injected electrons relied on the
NCs’ compositions and sizes, determined by the redox poten-
tials of the NCs.

3.6 NC-based other devices

Apart from the above mentioned NC-based device, very
recently, Kim et al. proposed an exceptional solar-to-
CO (STC) conversion with Au25(SR)18 (abbreviated as
Au25) electrolyzer immobilized on a gas diffusion electrode
(GDE).[169] The system device was constructed with GDE-
based Au25 powered by a Ga0.5In0.5P/GaAs cell. The results
showed that an STC conversion efficiency reached 18% over
12 h in 100% CO2, whereas the efficiency of 15.9% was
achieved in 10% CO2 (typical CO2 concentration of flue
gas). Further kinetic investigations indicated that the high
CO2 reduction reaction (CO2RR) performance was facilitated
by the strong Au25-CO2 binding affinity. In addition, a high
CO2RR current density of 540 mA cm–2 was achieved in a
gas-phase reactor.

More and more reports have been presented for the appli-
cation of noble metal NCs as white light-emitting diodes

(LEDs),[170–173] whereas Fu et al. proposed Cu NCs as the
single phosphor for yellow and white LEDs with high effi-
ciency, which probably due to the high photoluminescence
quantum yield of Cu NCs synthesized.[174] Pradeep’s group
proposed atomically precise Ag NCs as one of the fluo-
rophores for white light emitter, along with blue emission sil-
icon NPs and green luminescent FITC.[175]

Kannan et al. devised an in situ impregnation method
of Ag NCs in microporous chitosan-polyethylene glycol
membranes for applications as drug delivery percutaneous
device.[176] They found that the presence and increasing Ag
NCs concentration hampered biofilm formation and stim-
ulated cell viability and adhesion, enabling a sustainable
release of an anti-inflammatory drug.

4 FUTURE PERSPECTIVE

Metal NCs are a new class of alternatives to metal NPs and
QDs in the field of nanoscience. The development in syn-
thesis methods enables the derivation of well-defined size,
shape, and morphology of NCs, resulting in various appli-
cations ranging from energy transfer devices to target sen-
sors. These successes indicate that metal NCs possess a high
potential for the application in multidisciplinary areas for
advancing the development in both, fundamental and practi-
cal purposes. Despite fast-increasing strides that have been
made with regard to the development of metal NC-based
devices, many challenges still need to be settled in the near
future. Therefore, we attempt to capture some of the existing
aspects as follows.

4.1 New synthetic approaches

Despite enormous attention having been focused on Au NCs
with various synthesis protocols, other metal NCs (e.g. Pt,
Pd, Ag, Cu), in part interesting alternatives to Au NCs,
have gained little attention primarily due to their relative
unstable chemical property as compared to Au NCs. In
addition, the short excited-state lifetime of these alterna-
tives NCs, to a great extent, hinders their further applica-
tions in terms of MCSCs. Moreover, the PCE of MCSCs
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exhibited a relatively narrow visible light region compared
to DSSCs or QDSCs, ascribing to the lack of absorbance
in the entire visible or even near-infrared region. Taking
the controlled-size and the choice of stabilized-ligands into
consideration, the new-synthesized metal NCs would be
expected to overcome these aforementioned conundrums.
Besides, solvent-mediated assembly of metal NCs exhibited
enhanced properties. Zheng’s group synthesized (AuAg)34n
NCs with anisotropic structure via a solvent-mediated assem-
bly method.[163] The FET devices using these (AuAg)34n
NCs succeeded in increasing the electrical conductivity and
charge carrier mobility by several orders of magnitude, which
indicates that the electron transport in assemblies of NCs is
controlled by structural factors. This opens an opportunity
to create structure-dependent metal NCs with desired struc-
tures and properties through the solvent-mediated synthesis
approach.

4.2 Complementary methodologies

Although many works have discussed bimetallic NC-based
MCSCs in addition to monometallic NCs, the outcomes
were not very satisfying. One possible approach is utilizing
two or more sensitizers to settle this problem because the
recently reported success in DSSCs using co-sensitization
of zinc phthalocyanine and bithiophene-based organic dye
to realize improved efficient light harvesting.[42,177] Besides,
employing metal NC-based sensitizers with different spectral
responses will, hopefully, result in a panchromatic MCSCs.
Another approach to enhance the PCE of the MCSCs will
be changing the adsorption mode of metal NCs on the TiO2.
Very recently, Abbas and coworkers proposed Au-NCs-based
MCSCs with high PCE of 3.2% in the presence of Na+ (alkali
metal ions, AMI).[21] The hidden effect of AMI on metal NCs
was suggested to change the adsorption strength between
the NCs and TiO2 with a chelating bonding, while ester-like
bonding of NCs-TiO2 interfaces in the absence of AMI. This
research points out that the interfacial engineering strategy
will improve NCs-based energy conversing device come true.

4.3 Mechanism investigations

Recent advances unveil the atomically precise NCs with
molecular- or atomic-level knowledge of formation and size
evolution mechanisms.[178–181] These studies also promote
the mechanism understanding of the metal NCs growth pro-
cess and their intrinsic physiochemistry properties. Still,
inherent challenges of similar molecular- or atomic-level
mechanism advances of the metal NCs will remain a fun-
damental focus in the application research of metal NCs for
further advancement.

4.4 Stability characterizations

An important parameter of the applicable metal NC-based
device is the stability of metal NCs. Enormous studies have
proved that the fascinating properties of NCs are strongly
dependent on the stability, and further enhancement in stabil-
ity was shown ubiquitous.[87,93,94] Most of the literature dis-

cussed the stability of metal NCs before incorporating them
into a device. However, such investigations were not continu-
ous to the application as device, like “How the size and com-
position changes in device before and after being tested?”
Such studies are expected to indicate the stability in NC sci-
ence, which is vital to understanding the why and how these
stable metal NCs influence the device properties.

4.5 Alternatives to semiconductor-based
devices

The electronic and optical properties of metal NCs are anal-
ogous to that of semiconductors. Recent progress regarding
solar cells, memory devices, transistors, and sensors utiliz-
ing metal NCs as alternatives to semiconductors have been
investigated successfully. This suggests a new direction in
that metal NCs can be used in other semiconductor-like
devices. The challenges of these devices with semiconductor-
based thin films is stemming from the low long-range order,
grain boundaries, and defects,[182] thus finding suitable sub-
stitute candidates is needed. To this end, metal NCs can
function as promising materials in these applications. We
hope that, in the near future, these metal NCs, possess-
ing interesting electronic, optical properties, can find their
places in the areas of power devices, next-generation mul-
tivalued or flash memory devices, integrated optical modu-
lators, on-chip optical communications, and other optoelec-
tronic devices. Hopefully, metal NCs, like semiconductors,
can be implemented in some indispensable applications for
daily life, such as displays, computers, telephones, and so
forth.

Overall, metal NCs have been immensely explored in terms
of devices owing to their intrinsically extraordinary prop-
erties. With regard to new phenomena of metal NCs, fur-
ther experiments and theoretical studies are needed to under-
stand the fundamental mechanism in detail. We hope that this
review will provide a useful source of references for readers
in the field of nanomaterials and promote applications with
these nanomaterials.
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