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a b s t r a c t

Fluorescent gold nanoclusters (AuNCs) have emerged as ideal sensor probes in different research � elds
such as environmental, biological and clinical applications. AuNCs have acquired a paramount impor-
tance in sensing applications owing to their unique physicochemical and luminescence characteristics
including excellent photostability and biocompatibility, high surface to volume ratio, besides size-
dependent luminescence, large stokes shift, and high emission rates. In this review, we will pay spe-
cial attention on the recent advances in the different synthetic strategies of AuNCs. Different parameters
affecting photoluminescence properties of AuNCs and their quantum yield including AuNCs size, core
composition, valence state of Au atoms, and ligand effect will be discussed in detail. This review will also
provide a comprehensive and recent look on the various AuNCs-based sensing systems developed for the
detection of heavy metal ions, inorganic anions, small biomolecules, protein tumor markers, enzymes,
and nucleic acids. This review demonstrates the high sensitivity, selectivity, simplicity, and low cost of
AuNCs as sensing probes for the various targeted analytes.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past decades, gold nanoparticles (AuNPs) have wit-
nessed a paramount importance in various research areas,
including chemical sensing, catalysis, biology, medicine, and envi-
ronmental sciences [1e4]. AuNPs with size larger than 3 nm exhibit
unique optical properties and have distinct feature of surface
plasmon resonance (SPR), which results from the resonant collec-
tive oscillation of electrons in the conduction band with the inci-
dent light. While ultrasmall AuNPs ( <3 nm), de � ned as gold
nanoclusters (AuNCs), have molecular-like properties owing to the
strong quantum con � nement effect that causes the continuous
energy bands break up into discrete energy levels [5,6] . Therefore,
AuNCs possess common features, such as HOMO-LUMO transition,
photoluminescence (PL), electrochemiluminescence, lacking SPR
peak, electromagnetism, redox behavior, and molecular chirality
[7e 9].
For AuNPs, several recent studies have extensively discussed
their controlled synthesis with different sizes (5 e 50 nm), shapes
(rods, nanocubes, nanoplates, nano� owers, etc), and compositions
(alloys such as Au/AgNPs, Au/Cu, Au/Pd,etc). These varied structural
features can effectively affect the physical properties of AuNPs by
exposing different facets ({110}, {210}, {111}, etc) and different
active sites (corners and edges) [6] . Thereby, AuNPs have large
surface to volume ratio and excellent catalytic activities toward
many reactions, such as oxidation, hydrogenation, and coupling
reactions, resulting in its implication in various applications, such
as electrocatalysis, solar cells, and biofuel cells. Further, AuNPs have
been widely employed in colorimetry, surface-enhanced infrared
absorption spectroscopy, and surface-enhanced Raman scattering
owing to the unique SPR feature of AuNPs. Unlike AuNCs, AuNPs are
non-luminescent nanomaterials, and they can quench NCs lumi-
nescence through F€orster/ � uorescence resonance energy transfer
(FRET) owing to high molar absorptivity constant and overlapping
of their photoexcitation with AuNCs emission.

For AuNCs, they have ultrasmall size (0.1 nm e 2 nm) consisting
of few to several Au atoms; therefore, it is a big challenge to control
the core size of AuNCs compared with AuNPs. Different emission
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Plasma, as an active, ionized, and electrically neutral gas, consists of electrons, ions, molecules, radicals,
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To twin or not to twin? The critical doubt emerges recently on the dominant role of deformation
twinning in contributing to strain hardening and plasticity, which has been long taken for granted
speci� cally in twinning-induced plasticity (TWIP) steels. Here, the dynamic deformation process was in
situ studied in a typical Fe-30Mn-3Si-3Al (wt. %) TWIP steel by using transmission electron microscopy. It
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Electrocatalysts for oxygen reduction and/or evolution are key components for proton-exchange mem-
brane fuel cells (PEMFCs) and water electrolysis. However, the slow kinetics of oxygen reduction and/or
evolution reactions largely hampers the ef � ciencies of PEMFCs and water electrolysis. Highly ef � cient
electrocatalysts for oxygen reduction and evolution reactions must meet three requirements: (i) rapid
transport of electrons, ions, and products of the reaction; (ii) suf � cient catalysts/reactants contact area;
and (iii) good intrinsic activity. Nanostructuration of electrocatalysts provides an effective approach to
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This review provides a new perspective on the role of the state-of-the-art polymers of intrinsic micro-
porosity (PIMs) in key energy-intensive membrane-based gas separations including O 2/N2, H2/N2, H2/
CH4, CO2/CH4, H2S/CH4, C2H4/C2H6, and C3H6/C3H8 applications. A general overview on the gas separation
properties of novel PIM materials developed in the past 15 years is presented with updated performance
maps on the latest pure-gas 2015 O 2/N2, H2/N2, and H2/CH4 permeability/selectivity upper bounds.
Speci� cally, functionalized ladder PIMs and polyimides of intrinsic microporosity (PIM-PIs) are discussed
targeting at high-performance, plasticization-resistant membranes for demanding acid gas (CO 2 and H2S)
removal from CH 4 in natural gas and ole � n/paraf � n separations. Experimental CO 2/CH4 performance data
of nearly 70 polymeric membrane materials available in the literature were gathered and plotted for the
� rst time on the Robeson plot, from which a mixed-gas 2018 CO 2/CH4 upper bound was proposed to
provide guidance for future membrane materials development. A number of PIMs have demonstrated
outstanding performances in O 2/N2, H2/N2, and H2/CH4 separations, and several functionalized PIMs have
shown great promises in CO 2/CH4 separation under realistic mixed-gas conditions. The potential of PIMs
materials and their derivatives for H 2S/CH4, C2H4/C2H6, and C3H6/C3H8 separations are underexplored,
and signi � cant efforts are needed to develop stable and high-performance materials under mixed-gas
conditions. Ultimately, fabricating PIMs materials into defect-free, inexpensive, thin- � lm composite or
integrally-skinned asymmetric membranes is paramount to their successful large-scale
commercialization.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Industrial separation processes account for a signi � cant fraction
of the global energy consumption. Large energy consumption
drives the demand to improve the process energy ef � ciency and
explore altee70.56(i914e60di)-5C Tf
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