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Abstract: Silver sulfide quantum dots (AgzS QDs) have been attracting great attentions due to their large potential
applications in dealing with global energy crisis and environmental pollution. However, the synthesis for monodis-
perse nanocrystals of several nanometers have puzzled scientists for two decades. Here we report a metal alkylamine
complex manipulating uni-micelle protocol for controlled synthesis of Ag:S QDs, which includes a reversible phase-
transfer procedure enabling silver ions to be dual-soluble through forming silver-oleylamine complex (Ag(I)-OA), and
a uni-micelle synthetic system employing oil-soluble Ag(I)-OA as silver precursor. The oil solution of Ag(I)-OA is
gradually added into the system where there is only one kind micelle containing Na:5 solution during the synthesis,
forming monodisperse Ag:S QDs with controlled size of 4.2nm/5.6nm/7.5nm and narrow distribution () of ~3.3. The
as-synthesized AgzS QDs could be well organized into hexagonal close-packed supra-crystalline lattice and showed
tunable dispersity in W/O employing different ligands. The findings the suggest the protocol can offer a versatile
platform for synthesizing numbers of metal sulfide quantum dots with rational designed size for high photocatalytic

performance.
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1. Introduction

Ag>S QDs have been attracting great attentions because of their excellent performances and broad applications in
various fields like solar cells [1,2], photocatalysis [3], biology [4,5], optoelectronics[6], etc. Their photophysical proper-
ties, including band gap, CB/VB positions and oscillator strength show strong size dependence, termed as quantum size
effect. They show maximum quantum efficiency when their size is smaller than or comparable to the double exciton
Bohr radius[7-9]. Generally, the QDs are engineered into 2D /3D structures in their applications[10,11], when uniform
small-size particles are desired. However, how to synthesize such products remains a long-standing challenge due to
complicated and polluting process, lower yield, as well as high cost.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The prevalent routes for synthesizing Ag:S QDs are high-temperature including heating up process[12,13], hot
injection approach[14,15] and thermal decomposition of single source precursor[16,17], which are all carried out in or-
ganic solvent. In the synthesis, the size of products could be finely controlled, but the direct products are oil-soluble
wrapping by ligands, hindering interfacial charge transfer and quantum yields [18,19]. The post treatment include pu-
rifying and ligand-exchanging procedures[20], leaving behind a lot of pollutants and resulting in lower yield and high
cost. So, itis urgent to develop a low-temperature and direct approach for synthesizing desired products. Pileni reported
a reverse microemulsion protocol, a room-temperature approach, for synthesizing small-size nanoparticles in late
1980s[21,22], which utilized micelles as nanoreactors controlling particle size. In fact, the system is a “twin micelles”
approach, carrying out by mixing two micelles of different water-soluble precursors. The reaction take place through
coalescence of different micelles, resulting polydisperse products. The monodisperse products were obtained through
a multiple size-selective extraction process [23], resulting lower yield.

In hot injection approach, alkylamines are used as ligands, preventing particles from aggregating by forming pro-
tective shells, but it doesn’t work for “twin micelles” [24]. During past two decades, phase-transfer was extensively
investigated to extract metal ions from water by toluene [25,26]. If the oil-soluble metal ions can reversely diffuse to
new water phase they can be directly used as oil-soluble precursors constructing a “uni-micelle” system. Aiming the
purposes, we developed a reversible phase-transfer process, and water- soluble Ag(I) was enabled to be dual-soluble in
oil/water by forming Ag(I)-OA complex [27]. Here we first conducted an “uni-micelle” approach for controlled synthe-
sis of Ag2S QDs, in which aqueous solution of Na:S is employed as S precursor, sodium bis(2-ethylhexyl) sulphosuccin-
ate (AOT) as surfactant and isooctane as oil phase, forming an “uni-micelle” of water/AOT/isooctane. It is worth noting
that there is only one kind micelle containing NazS solution in the system while the oil solution of Ag(I)-OA is gradually
added into the reaction system. Monodisperse Ag:S QDs were directly fabricated with tunable solubility in water/oil
by employing different ligands.

2. Results and Discussion
2.1. Preparation of the Oil Solution of Ag(I) Precursor via Reversible Phase-Transfer

In order to develop a uni-micelle synthesis method for silver sulfide quantum dots, the preparation of oil-soluble
silver precursors is an important step. In our previous research work 27, we developed a reversible phase transfer
method to transfer silver ions of silver nitrate into isooctane and enabled it solubility in water/oil, and used it for the
controlled synthesis of silver nanoparticles with good results. However, the synthesis effect is poor when this silver-
amine complex was used to synthesize silver sulfide quantum dots, which should be attributed to the different reaction
mechanisms of the two materials and the different crystallization properties of the two materials. The former is a redox
reaction in which a high concentration of ascorbic acid (0.6 M) is used to reduce silver ions to obtain silver nanocrystals,
while the synthesis of silver sulfide is a co-precipitation reaction between sulfur ions and silver ions. At the same time,
the concentration of sodium sulfide must be controlled below 0.05 M, although the specific reaction mechanism needs
to be further studied to be revealed, we speculate that the crystallization of silver sulfide molecules is poorer than that
of silver nanocrystals, and the presence of high concentrations of sulfur ions will exacerbate this trend. Referring to our
previous reversible phase transfer method[27], a dual-soluble silver precursor was prepared employing silver trifluoro-
acetate as the silver source. In a typical procedure, 10mL of 10.0 mM water solution of silver trifluoroacetate and 10mL
of 50.0 mM ethanol solution of OA were mixed and stirring to get a mixture solution (Figure 1a), where Ag(I)-OA
complex was formed Then mixing the Ag(I)-OA solution with 10mL of isooctane and stirring for 10 minutes, Figure
1b). The results showed that 85.6% of Ag(I) was transferred into isooctane (Table S1). Then, a reverse phase-transfer
was carried out by mixing isooctane solutions of the complex with water. The results (Table S1) shown that part of
Ag(I) diffused to aqueous phase again from isooctane and the diffusion equilibrium constant Ka2 is approximately equal
to Kai. Similarly, the precursor solution of Cu(II) and Co(II) were prepared. Figure 1a—c shows the photographs of metal
ions at different reversible phase-transfer procedure..
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Figure 1. a-c, Pictures of the samples at different procedure of the reversible phase transfer : before phase transfer (a), after phase
transfer (b) and after reverse phase transfer (c). In each picture, the upper layer is isooctane solution and the lower layer is water
solution of Me-OA complexes. d, Schematic illustration of “uni-micelle” for synthesis of silver sulfide quantum dots. During the
synthesis, access of OA molecules enhances the rigidity of micelles blocking micellar coalescence.

2.2. Proposed Mechanism on the Synthesis of Ag2S QDs Through “Uni-Micelle” System

To synthesize monodisperse Ag:S QDs, a “uni-micelle” system of water/AOT/isooctane was constructed using
isooctane solution of Ag(I)-OA and Na:S solution as precursors. Figure 1d is the schematic diagram of synthesis mech-
anism. In the system, uniform micelles containing S serve as the nanoreactors, which carried palisade layers of AOT
molecules between water droplets and bulk isooctane[21]. During the synthesis, the hydrophilic end Ag(I) of the Ag(I)-
OA complex passes through the palisade layers into the micelles from isooctane phase and take co-precipitation reac-
tion with the sulfur ions forming silver sulfide crystal nucleus, while the hydrophobic end OA molecules are grouped
outside palisade layers. As the gradual addition of Ag(I)-OA complexes, the silver sulfide nuclei gradually grow up,
and more OA molecules attach to the micelle out-shell, which enhances the hardness of the micelles and prevents the
agglomeration between micelles. Furthermore, the bigger particles such as nuclei were isolated by the rigid palisades
and can’t be exchanged out while small Ag(I) ions penetrate the palisades allowing the particle growth, which comply
with Ostwalt ripening rule %, thereby ensuring the dimensional uniformity of the synthesized silver sulfide quantum
dots. In addition, the drop rate and dosage of oil-soluble silver can be freely adjusted as needed, so the reaction rate of
the method and the size of the silver sulfide quantum dots are easily controlled.

2.3. Size Controlled Synthesis of Ag2S QDs Through “Uni-Micelle” System

It is well known that the molar ratio (w) of water to AOT is a key factor in reverse micelle, which is proportional
to the micelle determining the particle size [21]. In a typical synthesis, 90uL of 0.05 M aqueous solution of NazS was first
added into 5mL of 0.1 M isooctane solution of AOT forming transparent micelle, in which the “w” is equal to 10, corre-
sponding to a micelle size of 3.0 nm. Then 90 uL of 8.56 mM isooctane e solution of Ag(I)-OA complex was added
dropwise to the reaction system under ultrasonication in 15 minutes, when the mixture turned yellowish, implying the
nanocrystals were formed. TEM images of the as-resulted Ag:S QDs show that the average size is 5.60+0.19 nm (Figure
2a,d), and the size distribution is much narrower with a standard deviation, ¢, ~3.3%, than those of the samples synthe-
sized via “twin micelle”, where the ¢ >17.0%[28]. The results also implied that particle aggregation is prevented in the
“uni-micelle” system. When the amount of Ag(I)-OA was increased to 180 uL keeping the “w” at 10.0, the size of the
Ag>S QDs increased to 7.50+0.21 nm (Figure 2b,e) from 5.60+0.19 nm. The results demonstrate that the nanocrystal size
can be easily tuned through controlled the amount of Ag(I)-OA complex. Meanwhile the size distribution of the-ob-
tained Ag:S QDs was also very narrow, 6=~2.8%, further confirming particle aggregation was blocked. The yield of
these products is about 80% -85% (Equation 3 in Supporting Information).
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Figure 2. Ag:S QDs synthesized through the “uni-micelle” system. a-c, Transmission electron microscopy images of Ag:S QDs
under different amount of Ag(I)-OA and “w”: 90 uL and 10.0 (a), 180 uL and 10.0 (b), 180 uL and 7.5 (c). The scale bar is 50 nm. d-f,

Size histograms of the samples corresponding to a-c, respectively. The “w” is the molar ratio of water to AOT.

As the Ag:S QDs grow larger, the free water molecules in the micelles become AOT-bound molecules, and the
water droplets become stiffen, reducing their ability to accommodate new members, the out layer of the micelles become
stiffer, and the large Ag»S particles stop growing and remain thermodynamically stable. Our experimental results show
that after the silver sulfide quantum dots have grown up to 7.5 nm (w = 10.0), the larger Ag:S QDs particles keep the
same size and new smaller particles form with adding more Ag(I)-OA to the reaction system (Figure S1), which is
attributed to the excess S reacting with Ag(I)-OA in hollow micelles to form new crystal nuclei.

In the synthesis, when the “w” was decreased from 10.0 to 7.5 keeping the amount of Ag(I)-OA unchanged, the
size of Ag:S QDs decrease to 4.20+0.14 nm (Figure 2¢,f). The results domonstrate that the particle size can be controlled
by adjusted the “w”, which is consistent with the previous literature[21].

2.4. Structures and Performances of the as- Synthesized Ag:S QDs

The XRD pattern of the as-resulted sample shows that all of the peaks well-match those of monoclinic a-Ag:S, and
the calculated lattice constants are a) 4.226 A, b) 6.928 A, and ¢) 7.858 A (JCPDS 14-0072) (Figure 3a). HRTEM character-
ization results indicate the resultant nanocrystals have an inter planar distance of the lattice fringes of ~0.26 nm, which
corresponds to the (-121) facets of monoclinic crystalline Ag:S (Figure 3b). Figure 3c shows the UV-vis absorption
spectra of the as-prepared Ag:S QDs (4.2 nm, 5.2 nm and 7.5 nm, respectively), which reveal the broad absorption
spectrum from NIR to UV-vis region (300-1100 nm). The direct band gaps (Eg(eV)) can be deduced from the plots of
[F(R)hv]? versus energy (hv) by performing Kubelka—-Munk transformations [29]. The Eg are estimated to be 1.68 eV,
1.63 eV, 1.57 eV for the Ag:S QDs of 4.2 nm, 5.6 nm and 7.5 nm (Figures S2-4), respectively, which are much higher than
that of bulk Ag:S (1.1 eV), implying they behave within the quantum-confinement regime and the Eg is enlarged with
the decrease of particle size. The photoluminescence spectrum of the synthesized Ag:S QDs (7.5 nm, Figure S5) shows
a symmetric photoemission peak centered at 1140 nm with an impressive full width of 35 nm, implying they have large
potential in NIR relevant applications.

To investigate solubility of Ag:S QDs, ethanol solution of 6-mercapto-1-hexanol (MPH) was first employed as lig-
and modifying the as-prepared products. The collected sample was dispersed in water forming yellowish transparent
solution, which is very stable, with no sign of agglomeration even after seven weeks of storage (Figure 3e). It was
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attributed that stable S-Ag bounds are formed between nanoparticles surface and thiol groups of MPH while their hy-
drophilic hydroxyl groups stretch out into water favoring their dispersing in water. Then, dodecylthiol was also used
as ligand to modify Ag:S QDs obtaining their transparent isooctane solution (Figure 3d). The results imply that the
particles surface in the water droplets are bared and easily formed stable S-Ag bounds with the thiol groups of different
ligands. It can be speculated that the particles can be modified using many other ligands to directly get desired products,
facilitating their applications.

The results also demonstrate the as-prepared Ag:S QDs were well organized into hexagonal close-packed 2D ma-
trix (Figure 2a-c) and 3D supra-crystalline lattice (Figure S6), which is attributed to the monodisperse particles and the
interdigitation of ligand chains on neighboring particles. The cases are in accordance with that reported in litera-
tures[30], which offer large possibilities for potentially useful collective physical phenomena and facilitate their appli-

cations.
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Figure 3. Characterization of structure and property of silver sulfide quantum dots synthesized via “uni-micelle”. a, X-ray diffrac-
tion pattern. b, High resolution transmission electron microscopy image. ¢, UV-visible absorption spectra. (d, e) Photographs show-
ing oil/water dispersibility of silver sulfide quantum dots after seven weeks of storage conjugated with dodecylthiol (d) and 6-mer-

capto-1-hexanol (e). The upper layers are hexane phases and the lower layers are water phases.

Similarly, CuS QDs and CdS QDs were synthesized via “uni-micelle”, which are of small size and narrow size
distribution (Figure S7-11). It can be assumed that the approach can be extended to synthesize a large number of metal
sulfide QDs because of their similar ionic nature.

3. Conclusions

In conclusion, we firstly report a metal alkylamine complex manipulating uni-micelle protocol for controlled syn-
thesis of Ag>S QDs “uni-micelle”, which is a room-temperature and one-pot process employing inexpensive precursors.
During the synthesis, OA molecules play the key roles which serves as efficient transfer agent while reinforcing micelles
and preventing particle aggregation. Monodisperse Ag:S QDs could be synthesized with the rational designed size,
narrow distribution and surface modification by adjusting the value of ‘“w”, the dosage of Ag(I)-OA complex and ligand
species. The as-synthesized Ag:S QDs showed excellent NIR fluorescence and could be well assembled into 2D or 3D
superlattices. The results demonstrate that the protocol can provide a general platform for synthesizing a large number
of metal sulfide QDs based on their similar ionic nature.

Supporting Information: The following supporting information can be downloaded at the website of this paper posted on Pre-
prints.org, Detailed synthesis methods, characterization data from TEM, XRD, UV-vis and FL measurements. Supporting Infor-

mation is available from the Wiley Online Library or from the author.
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