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Abstract: To enhance the fluorescence efficiency of
semiconductor nanocrystal quantum dots (QDs), strat-
egies via enhancing photo-absorption and eliminating
non-radiative relaxation have been proposed. In this
study, we demonstrate that fluorescence efficiency of
molybdenum disulfide quantum dots (MoS, QDs) can
be enhanced by single-atom metal (Au, Ag, Pt, Cu)
modification.  Four-fold  enhancement of the
fluorescence emission of MoS, QDs is observed with
single-atom Au modification. The underlying mecha-
nism is ascribed to the passivation of non-radiative
surface states owing to the new defect energy level of
Au in the forbidden band that can trap excess electrons
in n-type MoS,, increasing the recombination probability
of conduction band electrons with valence band holes of
MoS,. Our results open an avenue for enhancing the
fluorescence efficiency of QDs via the modification of
atomically dispersed metals, and extend their scopes and
potentials in a fundamental way for economic efficiency

and stability of single-atom metals. )

As a kind of common semiconductor nanocrystal regarded
as zero-dimensional nanomaterials, quantum dots (QDs)
exhibit various unique characteristics of strong quantum
confinement and edge effect,! noticeable quantum-size
effect” and large Stokes shift,””! showing potential applica-
tions in various fields of optoelectronic devices, photo-
electrocatalysis and bioimaging.[*! To date, various strategies
have been proposed to enhance the luminescence efficiency
of the existing QDs via increasing photo-absorption® and
eliminating non-radiative  relaxation.*” QDs emit

[*] Dr.C.-R. Li," M. Ni, Dr. D.-R. Yang, Prof. X.-H. Xia

State Key Laboratory of Analytical Chemistry for Life Science,
School of Chemistry and Chemical Engineering, Nanjing University
Nanjing 210023 (P. R. China)
E-mail: xhxia@nju.edu.cn
Y.-L. Lei," Dr. H. Li,” Dr. X.-Y. Xie, Y.-F. Wang, Prof. H.-B. Ma,
Prof. W.-G. Xu
Key Laboratory of Mesoscopic Chemistry of MOE, School of
Chemistry and Chemical Engineering, Nanjing University
Nanjing 210023 (P. R. China)
E-mail: haibo@nju.edu.cn

xuwg@nju.edu.cn

['] These authors contributed equally to this work.

Angew. Chem. Int. Ed. 2022, 61, €202207300 (1 of 7)

fluorescence through the exciton-recombination process of
the conduction band electrons with holes at the valence
band.®*! Thus, the number of photons can be increased by
enhanced photo-absorption,'""! and the acceleration of
radiative recombination of luminescence can be achieved by
suppressing the non-radiative relaxation processes like
thermal dissipation and vibration relaxation.!'”'* Experi-
mentally, these strategies to enhance the luminescence
efficiency can be achieved by regulating the electronic
structure of the phosphor via modification of structure and
surface states.™'®! However, conventional approaches com-
monly suffer from their expensive cost and
uncontrollability,'"! and it is usually hard to establish a
precise structure—functionality relationship at the atomic
level. Thus, development of novel and simple strategies to
modulate the electronic structure of QDs for obtaining
phosphors with high luminescence efficiency is still highly
desired.

The recently developed atomically dispersed metals
supported on various matrices have attracted broad interest
in fundamental research and practical applications. They
maximize the efficiency of atomic utilization, and signifi-
cantly change their physical and chemical properties via
electronic interactions between the single-atom metals and
the substrates.”*?! The utilization of single-atom metal
modification as high performance catalysts has been
described in recent reviews.”**! Recently, Wang and co-
workers® reported that atomically dispersed Ni in zinc-
blende cadmium-zinc sulfide quantum dots exhibited an
efficient and durable photocatalytic performance for hydro-
gen production. They ascribed the improved photocatalytic
performance to the highly active sites of monovalent Ni' and
the high carrier separation. Hence, owing to the economic
efficiency and stability of single-atom metals, their modifica-
tion can be expected to be also an ideal strategy candidate
to precisely regulate the fluorescence emission properties of
phosphors through the modulation of their electronic
surroundings.®->!

Here, we report the enhanced fluorescence efficiency of
molybdenum disulfide quantum dots (MoS, QDs) via atomi-
cally dispersed metals modification. Monolayer or bilayer
MoS, QDs are synthesized by a one-step exfoliation using
ethylenediamine followed by calcination at 130°C (see
Experimental in Supporting Information). Single-atom met-
al modification of the QDs ("M/MoS, QDs, M= Au, Ag, Pt
and Cu) is achieved by underpotential deposition (UPD) of

© 2022 Wiley-VCH GmbH


http://orcid.org/0000-0001-9831-4048
https://doi.org/10.1002/anie.202207300
https://doi.org/10.1002/ange.202207300
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202207300&domain=pdf&date_stamp=2022-07-13

GDCh
~~

copper atoms on QDs followed by galvanic replacement.?”
We find that the °*M/MoS, QDs exhibit enhanced
fluorescence efficiency of MoS, QDs with up to a four-fold
increase for the Au modification. This phenomenon is
ascribed to the passivation of non-radiative surface states
caused by the new defect energy level of single-atom metals
in the forbidden band that traps extra electrons in n-type
MoS,, which increases the possibilities for the recombination
of conduction band electrons with valence band holes of
MoS,.

The stable and luminescent MoS, QD was selected as an
ideal phosphor substrate for single-atom metal modification.
We designed an approach to synthesize MoS, QDs by
intercalating ethylenediamine into the interlayers of MoS,
sheets, followed by ultrasonic exfoliation and subsequently
calcination at 130°C (Scheme S1). The high-resolution trans-
mission electron microscopy (HRTEM) image in Figure Sla
shows that the synthesized MoS, QDs have polydisperse and
uniform small wafer shape with an average diameter of
~3.8 nm. They have a well-defined lattice fringe with highly
ordered parallel lines as displayed by the magnified
HRTEM image of a single quantum dot (Figure 1a). The
lattice spacing is 0.23 nm, corresponding well to the (103)
plane of MoS, QDs.” The single MoS, QD has a height of
~2.1 nm as revealed by the atomic force microscopy (AFM)
image (Figure S2), suggesting a monolayer or bilayer
structure.”
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Single-atom Cu was then deposited on the MoS, QDs
through an UPD technique at a constant deposition
potential of 0.150 V vs. Ag/AgCl/KCl (3.0 M), forming *Cu/
MoS, QDs (Figure S3). The single-atom Cu was then
galvanically replaced by using metallic precursors to form
single-atom metals (Au, Ag or Pt) on MoS, QDs
(Scheme S2).7733! The single-atom metal modification
procedure retains the morphology and dispersion of MoS,
QDs as revealed by the HRTEM images (Figures 1b and
S1). The high-angle annular dark field-scanning transmission
electron microscopic (HAADF-STEM) images of *Au/MoS,
QDs, *Ag/MoS, QDs and ‘Pt/MoS, QDs clearly demonstrate
the uniform dispersion of individual Au, Ag or Pt atoms
anchored on the surface of single MoS, QDs, and the
morphology and lattice fringe of MoS, QDs are retained
(Figures 1c and S4).

The chemical compositions and properties of MoS, QDs
and *M/MoS, QDs were explored by conducting X-ray
photoelectron spectroscopy (XPS), and the results are
shown in Figures 1d-f and S5-S9. The survey spectrum of
MoS, QDs (Figure S5) exhibits several significant signals at
164, 228, 285, 399 and 531 eV, which are attributed to S (2p),
Mo (3d), C (1s), N (1s) and O (1s), respectively.’” The high-
resolution XPS spectra display that the binding energies of
Mo** (3ds;,) and Mo*" (3ds,) are 228.0 and 231.6 eV, while
those of S*° (2p;,) and S (2ps,) are 164.1 and 1673 eV,
respectively. After single-atom Au modification, there exists
only a band for Mo*" (3d) and S*~ (2p) located at higher
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Figure 1. Characterizations of *Au/MoS, QDs. a) HRTEM image of MoS, QDs (scale bar, 5 nm). The inset presents the amplified HRTEM image of
a single MoS, QD outlined with a red circle. b) HRTEM image of *Au/MoS, QDs (scale bar, 20 nm). c¢) HAADF-STEM image of *Au/MoS, QDs
(scale bar, 2 nm). Individual Au atoms are outlined by red circles. High-resolution XPS spectra of MoS, QDs and *Au/MoS, QDs corresponding to

Mo 3d (d), S 2p (e) and Au 4f (f).
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binding energies of 232.0 and 167.8eV (Figures 1d,e),
respectively. These phenomena could be due to the transfer
of partial electrons from S*~ in MoS, QDs to single-atom
Au, inducing a decrease in the electronic density in the 3d
orbital of Mo*" and 2p orbital of S*~ of MoS, due to the
electron transfer from Mo*" to S*~ to maintain the electric
neutrality of the Mo—S bond. The appearance of only one
band for Mo 3d or S 2p might be due to the decreased
splitting energies of the spin orbitals of Mo*" (3d) and S*~
(2p) caused by electron transfer.™ The characteristic signals
at 84.0 and 87.4 eV of *Au/MoS, QDs are assigned to Au
(4f,,) and Au (4fs,) energy levels, respectively (Figure 1f),
proving the successful modification of Au on MoS, QDs.
The observed N (1s) signal originates from some residual
ethylenediamine molecules absorbed on MoS, QDs. Its
binding energy shifts to a higher value (401 eV) upon
modification of single-atom Au (Figure S6a), indicating
partial electron transfer from the ethylenediamine molecules
to *Au/MoS, QDs. Similar changes in the XPS spectra are
also visualized with the modification of single-atom Ag, Pt
or Cu on MoS, QDs (Figures S6-89),**" indicating the
similar electron transfer process from MoS, to single-atom
metals.

The UV/Vis absorption spectra (Figure S10) of MoS,
QDs and *M/MoS, QDs were tested for characterizing their
electronic structures. The MoS, QDs suspension exhibits
two distinct absorption bands centered at 266 nm and
328 nm attributed to the excitonic performance of MoS,
QDs and an extremely small shoulder band at around
380 nm.P¥ Negligible changes in the spectra are observed
with the modification of single-atom Au, Ag, Pt or Cu. In
addition, the characteristic absorption bands of the corre-
sponding metallic nanoclusters, which should occur at above
400 nm, are not observed (Figure S$10),*? demonstrating
the absence of metallic nanoclusters or nanoparticles in
these systems. In the photoluminescence excitation (PLE)
spectrum of MoS, QDs, a fluorescence emission peak at
460 nm appears at the excitation peak (382 nm), which is in
line with its shoulder band in the UV/Vis absorption,
indicating an optimal excitation wavelength of 382 nm. The
relatively broad PLE spectrum suggests that pure MoS,
QDs can be photoexcited over a broad wavelength (Fig-
ure S11).

The fluorescence emission spectra of pure MoS, QDs
under excitation at different wavelengths show the strongest
band centered at 460 nm upon excitation at 382 nm (Fig-
ure S12), which is correlated to the surface states of MoS,
QDs, proving the superior excitation wavelength of 382 nm
for measuring the fluorescence emission spectrum of MoS,
QDs (Figure S11). We confirm that the fluorescence
emission originates from MoS, QDs rather than from
solvent or residual ethylenediamine molecules, as indicated
by the control experiments (Figure S13). The relatively
broadened emission band of MoS, QDs is probably due to
their size distribution originating from the quantum-size
effect.”” The fluorescence emission spectra of MoS, QDs are
hardly altered when retained for 6 months at ambient
temperature and under illumination by a 365 nm UV lamp
for 90 min (Figure S14), proving the excellent chemical
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stability and photostability of MoS, QDs. In addition, the
fluorescence emission intensity at 460 nm (Figure S15)
shows a suspension pH independence in the range of 0-13.
However, it starts to decrease at a pH higher than 14, which
could be due to aggregation of MoS, QDs caused by
excessive OH™, leading to self-quenching.*®! These results
demonstrate that MoS, QDs display high chemical stability,
photostability and anti-interference against pH.

The fluorescence emission spectra of *M/MoS, QDs
conducted under the same conditions of MoS, QDs in pure
water with excitation at 382 nm are shown in Figure 2a. The
‘M/MoS, QDs exhibit a fluorescence emission band at
460 nm, stronger than the as-synthesized MoS, QDs with
their intensities enhanced by 4.00, 2.45, 2.29 and 1.68-fold
for *Au, *Ag, ‘Pt and °Cu, respectively (Figure 2a). The
results demonstrate that single-atom metal modification
changes the fluorescent property of MoS, QDs. We prove
that the fluorescence emission enhancement of MoS, QDs is
attributed to the atomically dispersed metals modification,
but not to the possible existence of metallic precursors in
the suspension (Figure S16). Our control experiments
display decreased band intensity of the fluorescence emis-
sion at 460 nm upon respective addition of metallic precur-
sors (Au*™, Ag™, P" or Cu’"), which is attributed to the
electron and energy transfer processes from the photo-
induced metallic cations to MoS, QDs.* Thus, we assume
that the single-atom metal modification enhanced
fluorescence emission is probably due to the introduction of
a new defect energy level in the forbidden band of MoS,
QDs, and this level serves as a deep impurity, which can
trap excess electrons in n-type MoS,,[**! passivating multi-
particle non-radiative surface states,*”! and thus increasing
the radiative recombination efficiency to enhance the
fluorescence emission.[*!! Transient fluorescence measure-
ments show a slight decrease in fluorescence lifetime at
460 nm upon single-atom metal modification (Figures 2c,
S17 and Table S1), which is probably attributed to the fact
that the non-radiative dissipation from the defect energy
level to valence band of MoS, is a little faster than the
exciton radiation process.*”! The more obvious enhancement
observed in *Au/MoS, QDs compared with other *‘M/MoS,
QDs can be visualized by the best matched degenerate
electron energy of the 5d atomic orbital of *Au with the 3p
atomic orbital of S (Figures 2b, S18 and Table S2), which is
calculated from the orbital number divided by the sum of
each electron energy originating from density functional
theory (DFT) calculations, and the best match favors the
electron transfer from MoS, QDs to *Au. The enhanced
fluorescence efficiency is significantly decreased on increas-
ing the density of Au atoms on MoS, QDs (Figure S19), as
indicated by the control experiment of Au nanoclusters
modified MoS, QDs (Au NCs/MoS, QDs) (Figure S20)
synthesized by using a method similar to that for *Au/MoS,
QDs except that the deposition potential was set at
—0.200 V.’ The fluorescence emission enhancement of
MoS, QDs by single-atom Au modification is also observed
from the fluorescence spectra of individual QDs at 395 nm
excitation (Figures2d and S21). The *Au/MoS, QD shows
the stronger PL intensity with a slight red-shift compared to
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Figure 2. Fluorescence efficiency enhancement of MoS, QDs via single-atom metal modification. a) Fluorescence emission spectra of MoS, QDs,
*Au/MoS, QDs, *Ag/MoS, QDs, °Pt/MoS, QDs and *Cu/MoS, QDs with the same concentration of 13.17 mgmL™" in ultrapure water

(hex=382 nm). b) Enhancement factor in fluorescence emission intensity at 460 nm (I/l,) of MoS, QDs (13.17 mgmL™") with the modification of
*Au, *Ag, *Pt or *Cu as a function of the calculated electron energy of their d atomic orbitals. The vertical axis represents the ratio between
fluorescence emission intensity at 460 nm of *M/MoS, QDs and MoS, QDs, and the horizontal axis represents the degenerate electron energy of
Au 5d, Ag 4d, Pt 5d, Cu 3d and S 3p atomic orbitals calculated from the orbital number divided by the sum of each electron energy. The highest
enhancement factor for *Au is due to the matched 5d atomic orbital energy with the 3p atomic orbital of S that favors electron transfer. c) Bar graph
representing the fluorescence lifetime 7 at 460 nm of MoS, QDs, *Au/MoS, QDs, *Ag/MoS, QDs, *Pt/MoS, QDs and *Cu/MoS, QDs with the same
concentration of 13.17 mgmL™" in ultrapure water (A,,=382 nm). d) Fluorescence emission spectra of an individual MoS, QD (P1) and an
individual *Au/MoS, QD (P2) in Figure S21. The inset presents the fluorescence emission spectrometry mapping of an individual *Au/MoS, QD

(P2) in Figure S21 (A, =395 nm).

the MoS, QD. The averaged fluorescence gray value of
individual *Au/MoS, QDs is around four-fold that of MoS,
QDs (Figure S22), which is in good agreement with the
results in aqueous suspension. The above results elucidate
that the single-atom Au modification shows the best
performance for enhancing the fluorescence efficiency of
MoS, QDs and thus, the strongest fluorescence emission at
460 nm of *Au/MoS, QDs is observed upon excitation at
382 nm, which is similar to the results of other *M/MoS,
QDs (Figure S23).

We took the single-atom Au modification as an example
to explore the fluorescence enhancement mechanism of
MoS, QDs by DFT calculations. Since the acquisition of
simulated structures for monolayer MoS, QDs and °Au/
MoS, QDs is troublesome due to their small wafer-shaped

Angew. Chem. Int. Ed. 2022, 61, €202207300 (4 of 7)

morphology with the average diameter of ~3.8nm
(Figures 1, S1 and S2), we utilized a MoS, nanosheet with a
monolayer thickness to reflect the monolayer MoS, QDs for
establishing the structural models for simplicity. Three
possible structural models for the *Au/monolayer MoS,
nanosheet after DFT geometry optimizations are illustrated
in Figures 3a, S24a and S25a, which are respectively defined
as the configuration of Au—-S, Au—Mo and Au-3S. The
Au-S configuration is the most energy-favorable structural
model for its lowest free energy (Eqop) of —558.35eV
(Table S3), the lowest binding energy (E.m,) of —1.11eV
(Table S3), and more homogeneous overall charge distribu-
tions (Figure 3b) compared to the other two structural
models.”"! The qualitative charge distributions of these three
simulated structural models for *Au/monolayer MoS, nano-
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Figure 3. Mechanism on fluorescence efficiency enhancement of MoS, QDs via single-atom Au modification. a) DFT-optimized structural model
with side view simulated for Au—S configuration of *Au/monolayer MoS, nanosheet. The Au atom is located on the top of one S atom and is
coordinated with the adjacent S atoms to form Au—S bonds, along with the electron transfer from MoS, to Au. b) Charge transfer map of Au—S
configuration of *Au/monolayer MoS, nanosheet showing a higher electron concentration around Au atoms (blue surface) and higher hole
concentration around Mo atoms far away from Au—S bonds (yellow surface), indicating the p-type doping of Au to cause the transfer of partial

electrons from S*~ in MoS, to single-atom Au, which induces a decrease in the electronic density in the 3d orbital of Mo** and 2p orbital of S*~ of
MoS, due to the electron transfer from Mo*" to S’ to maintain the electric neutrality of the Mo—S bond. c) Electronic band structure and density
of state (DOS) as a function of energy in levels of Au=S configuration of *Au/monolayer MoS, nanosheet showing the conduction band and
valence band. Note that the Fermi energy has been set to zero and DFT calculations do not consider the spin-orbital coupling. The fluorescence
enhancement mechanism is ascribed to the introduction of a new deep-level state (p-type doping) of Au serving as a trapping center to decrease
the electron concentration in n-type MoS,, which passivates non-radiative multi-electron surface states, and thus increases the recombination
probability of conduction band electrons with valence band holes of MoS,.

sheet were analyzed to characterize the electron transfer.
From the charge transfer maps of these three models shown
in Figures 3b, S24b and S25b, we can clearly observe a
higher electron concentration around Au atoms and higher
hole concentration around Mo atoms far away from Au-S
bonds, demonstrating a strong tendency of transferring
electrons from MoS, to Au atoms (e.g. 0.02 e~ transferred
from MoS, to Au in the Au-S model, Figure 3a), which is
also in good agreement with our experimental results of
XPS studies. The change in the charge distributions induced
by a single-atom Au modification might be recognized as
the p-type doping,”? which would contribute to the
fluorescence efficiency enhancement.

DFT calculations demonstrate that MoS, has an energy
band gap of ~1.7 eV between the conduction and valence
bands. This energy band gap and the feature of direct gap
semiconductor of MoS, are not changed after single-atom
Au modification (Figures3c and S$26), thus, similar
fluorescence emission wavelengths are expected to be
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observed for these two systems, in accordance with our
experimental findings (Figure 2a). However, a new defect
energy level (p-type doping effect) is introduced in the
forbidden band of MoS, owing to the single-atom Au
modification,®™ which is expected to show a strong local-
ization demonstrated by the weak band dispersion (Fig-
ure 3c). Hence, we suggest that the enhanced fluorescence
emission originates from the deep-level defect state of Au,
which is able to trap extra electrons from the conduction
band of n-type MoS,,**! thus passivating non-radiative
multi-electron surface states,*”! which contributes to higher
possibilities for the recombination of conduction band
electrons with valence band holes™® and accordingly
increases the fluorescence efficiency (Figures3 and S26).
The rate of the trapping process is higher than that of non-
radiative relaxations, resulting in the increase of emission
intensity as well as the slight variations of absorption and
fluorescence lifetime (Figures 2a,c, S10, S17 and Table S1).
Thus, the radiative recombination of luminescence rather
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than the number of photons plays a conclusive role in the
fluorescence efficiency enhancement. Interestingly, the dop-
ing of Ag, Pt and Cu shows the similar fluorescence
efficiency enhancement of MoS, QDs without changes in
the energy band gap, however, the unsuitable positions of
the defect energy levels limit their enhancement to some
extents (Figures S27-S29). These results further demon-
strate that single-atom Au modification shows the significant
fluorescence efficiency enhancement of MoS, QDs (Fig-
ure 2a). Similar phenomena are obtained in the calculated
density of states (DOSs) and electronic band structures of
another two structural models (Figures S24c and S25c),
which confirms the validity of our assumption.

The above enhancement mechanism of fluorescence
efficiency of MoS, QDs upon single-atom metal modifica-
tion indicates its importance in causing the p-type doping
effect. This p-type doping could be inhibited by increasing
the electronic state density of the modified single-atom
metal, e.g., the single-atom metal coordinates to an electron
donor such as L-cysteine (L-Cys). We used *Au/MoS, QDs
as models to demonstrate how the L-Cys coordination to Au
affects their fluorescence efficiency. When L-Cys is coordi-
nated to the modified single-atom Au in *Au/MoS, QDs, the
fluorescence emission at 460 nm is decreased by 27.50 %
(Figure S30a). To understand this phenomenon, we con-
ducted Hirshfeld quantitative charge analysis®! for the
elaborated three structural models of *Au/monolayer MoS,
nanosheet with adsorption of L-Cys. In these structural
modes, calculation results show that the electron transfer
from MoS, QDs to single-atom Au decreases from 0.18 e~ to
—0.03 e~ at most (Figure S31, S32 and Table S4), resulting in
a decreased electron density around Au, which can be
transferred to the conduction band of n-type MoS,, so the
trapping process is restricted, which activates the multi-
particle non-radiative surface states,”) and thus decreases
the radiative recombination efficiency of electrons with
holes.™ In addition, the fluorescence lifetime is increased
from 4.81 ns to 4.95 ns (Figure S30b and Table S1) upon L-
Cys coordination, probably caused by the prolonged non-
radiative dissipation from the defect energy level of Au to
the valence band of MoS,."! The preferred coordination of
L-Cys with Au is further proven by the lowest values of Eqp
(—635.62¢eV) and E.,, (—1.78eV) (Figure S33 and Ta-
ble S5) in this structural model with a Au—S—L-Cys coordi-
nation site.

In summary, we have demonstrated that the fluorescence
efficiency of MoS, QDs can be enhanced via atomically
dispersed metal modification. DFT calculations show that
the introduction of a new defect energy level of Au in the
forbidden band of MoS, traps extra electrons from the
conduction band of n-type MoS,, passivating multi-particle
non-radiative surface states, which increases the recombina-
tion probability of conduction band electrons with valence
band holes of MoS, to enhance the fluorescence efficiency
of MoS, QDs. The applicability of this mechanism could be
further broadened by using electron donors or acceptors to
change the electronic state density of single-atom metals
modified on other luminescent nanomaterial carriers. The
present single-atom metal strategy would expand the
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applicability of atomically dispersed metal modified lumi-
nescent nanomaterials in various fields of optoelectronics
devices, clinical diagnosis and bioimaging.
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