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Abstract 

Platinum disulfide (PtS2), a member of the recently developed group 10 transition metal dichalcogenide (TMD) 

materials, exhibits great potential in optoelectronics applications. Nevertheless, its photoluminescence (PL) 

behaviour still remains obscure. Quantum dots (QDs) are believed having the capability to enhance 

photoluminescence property compared to the bulky or layered structure owing to their quantum confinement 

effects. Inspired by remarkable PL enhancement works on other TMD materials QDs, the fabrication of PtS2 

QDs suspension via a low-cost liquid exfoliation technique is demonstrated in this work. The PtS2 QDs with an 

average diameter of 3.9 nm and average thickness of 2.9 nm are observed, respectively. For the first time, the 

PL spectra of PtS2 QDs suspension are successfully obtained and monitored over time. The PL spectra display 

an excitation-dependent luminescence. The maximum emission peak is observed at 407.2 nm for the excitation 

wavelength of 330 nm. This PtS2 QDs also shows a decent long-term stability. These results open up 

encouraging prospects of luminescence applications of PtS2 QDs. 
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1. Introduction 

In the past decade, layered materials have gained considerable attention in the optoelectronics materials and 

devices [1-3]. The optical and electrical properties of layered materials can be tailored by precisely controlling 
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the size and dimension according to the applications needs, which could as a consequence significantly enhance 

the performance along with the expansion of their applications. Due to the excellent electrical properties and 

low Johnson noise of Graphene after scaling down from bulk graphite to two-dimensional (2D) structure, it has 

become a competitive candidate for the channel of field effect transistor [1]. Similar to graphene, layered 

transition metal dichalcogenide (TMD) materials such as MoS2 or WS2 outperform in a wide range of 

applications including but not limited to catalysis, energy storage, electronics devices, and bio-pharmacy [2–4]. 

Unlike the conventional transition metal sulfides such as PbS or CdS, TMD materials are arranged in 2D layered 

structures and their bandgaps exhibit layer-dependent property [3]. Many of the research efforts are focused on 

the optimization of the fabrication process of low dimension of these layered nanomaterials as it benefits in a 

wide range of research fields ranging from material science to the novel device applications [3,5].  

Quantum dot (QD) was explored by further reducing dimensions of 2D layered materials to ideally zero 

dimension. This novel structure of material exhibits strong quantum confinement and boundary effect leading 

to unique and excellent electrical or optical properties that exceed its few- or mono-layer counterpart [6]. For 

instance, carbon QDs, generally defined as carbon that smaller than twice the size of its exciton Bohr radius, 

resulting in quantum confinement, exhibits distinguished optical properties of tunable fluorescence emissions 

and up-conversion fluorescence compared to the bulky graphite or graphene sheet [7]. The QDs materials also 

exhibit larger transition energy in comparison to the layer structure due to quantum confinement effects that are 

capable to obtain enhanced photoluminescence (PL) in certain spectra [6-9]. QDs have played prominent roles 

for a wide range of novel applications including non-linear optics [10,11], photo-catalysis [12,13], photovoltaics 

[14], and bio-imaging [15]. The fabrication of quantum dots with the novel 2D materials is currently considered 

to be a crucial and demanding research field due to exclusive characteristics and wide applied areas. 

Recently, layered group 10 TMD materials of Platinum disulfide (PtS2) and Platinum diselenide (PtSe2) have 

gained significant attention owing to their promising electronic and optical properties. In a typical octahedral 

unit cell structure of group 10 TMD material, one transition metal atom is surrounded by 6 chalcogen atoms 

[16, 17].  According to the density functional theory (DFT) calculation, PtS2 possesses an indirect band gap 

with layer-dependent nature. As the thickness decreases from bulk structure to mono-layer, the band gap energy 



of such material varies from 0.25 eV to 1.6 eV, indicating an optical spectrum ranging from visible to infrared 

wavelength [17]. Under the ambient temperature, PtS2 also exhibits a considerable electrical conductivity of 

1107 cm2 V−1 s−1, which is comparable to that of black phosphorus [18, 19]. Remarkable research progress has 

been achieved so far on the applications of PtS2 based field-effect transistor (FET) [16], pulsed laser generation 

[20], and hydrogen evolution reaction (HER) [21]. However, it has been reported that the PL signals exhibited 

by PtS2 at a scale from bulk to monolayer are too weak to be detected [17]. This statement aroused our interest 

to further investigate its PL behaviors.  

Quantum dots are reported to exhibit larger transition energy in comparison to the layer structure due to quantum 

confinement effects that are capable to obtain enhanced PL in certain spectra [6, 8, 9]. Inspired by quantum 

confinement effect, the current study is focused on the fabrication of PtS2 QDs suspension to enhance its PL 

performance and obtain the emission spectra. Expensive techniques such as Chemical vapor transport (CVT) 

[16, 17] and molecular beam epitaxy (MBE) [22, 23] are generally utilized to produce few-layer group 10 TMD 

materials. The synthesize methods and characteristics of PtS2 QDs are rarely reported so far. In this work, PtS2 

QDs suspension is successfully obtained by a low-cost liquid exfoliation method. The emission spectra of PtS2 

QDs are successfully confirmed and firstly demonstrated in this work. The characterizations of PtS2 QDs and 

their PL behaviors reveal the potentiality of this material in the field of luminescence related applications such 

as imaging, light-emitting diode, or bio-sensor. 

2. Experimental Section 

2.1 Materials Fabrication 

PtS2 QDs suspension was fabricated by high intensity ultrasonic liquid exfoliation followed by dialysis shown 

in Fig. 1. The 50 mg bulk PtS2 powder (Alfa Aesar) was added into 250 ml of deionized (DI) water. Then the 

probe sonication (SCIENTZ-1200E, Ningbo Scientz Biotechnology Co., Ltd.) was conducted to the mixture 

under the power of 1200 W with 20 kHz below 27 ℃ for 12 hours, while an ultrasound probe time of 2 s at an 

interval of 4 s was maintained. Afterwards, a sonication bath with 40 kHz for 6h was applied to the mixture and 

followed by centrifuging at 8000 rpm for 20 min to eliminate unexfoliated bulky PtS2. The collected supernatant 



liquor was subjected to dialysis using a dialysis membrane (cut-off 3.5 kDa) for 24 h. The solution outside the 

dialysis membrane was taken as the PtS2 QDs solution kept in ambient environment for several days, 3 months, 

and 6 months. 

2.2 Characterizations 

The PL emission spectra of as-prepared PtS2 QDs solution were recorded using Edinburgh CD920 on excitation 

at given wavelength. The measurement is conducted under room temperature by using Xenon lamp as excitation 

source. UV-Vis absorption spectroscopy was conducted by Shimadzu UV-2550. The PtS2 QDs solution was 

contained in quartz cuvettes for PL and UV-Vis characterizations. The morphology and lattice fringes were 

observed by Scanning Transmission Electron Microscopy (STEM, Jeol JEM-2100F). The height information 

of PtS2 QDs was measured by Atomic Force Microscopy (Bruker Nanoscope 8). The AFM sample was prepared 

by spin-coating the solution on the surface of quartz substrate followed by drying in the ambient laboratory 

condition. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific) was carried 

out to reveal the chemical composition with achromatic 200W Al Kα as the X-ray source and the resolution of 

0.10 eV. The powder of the raw material was kept in the oven with 60 °C for 3 h for drying before conducting 

the XPS characterization. 

3. Results and Discussion 

In this work, PtS2 QDs were fabricated by conducting ultrasonic exfoliation in DI water. The electrical energy 

in the equipment was firstly converted to mechanical energy via piezoelectric effect. When sonication probe 

introduces, an intense mechanical vibration is generated in liquid. As a consequence of that an acoustic energy 

is generated in the form of ultrasonic waves. The ultrasonic waves are strong enough to oscillate the liquid, 

resulting in the circulation of low and high pressure in DI water. In the period of rarefaction, many vacuum 

bubbles are generated within the mixture of DI water and PtS2 powder attributing to the increase of molecular 

distance. When the rarefaction alternates with compression, those bubbles are intensely collapsed. Localized 

high temperature, high pressure and wild flow of liquid are induced accompanied by the implosion. This so 

called cavitation process offers massive kinetic energy to overcome Van der Waals force for decomposing and 

grinding the PtS2 bulk powder into smaller particles and quantum dots counterpart [24,25]. 



The PtS2 QDs are observed by Scanning transmission electron microscopy (STEM) as shown in Fig. 2. The as-

prepared PtS2 QDs and the statistics of size distribution are depicted in Fig. 2(a) and 2(c) demonstrating an 

average diameter of 3.9 nm obtained by measuring 44 QDs. Fig. 2(b) captured by a high-resolution of TEM 

shows the crystalline characteristic of a typical as-prepared QD with a diameter of 3.74 nm. The sharp lattice 

fringe with a 0.29 nm of interplanar spacing corresponding to the (001) planes of PtS2 [16, 17], indicating its 

single crystalline nature. After 3 months storage under ambient conditions, PtS2 QDs remained the well-

dispersive status in DI water as the TEM images shown in Fig. 2(d) and 2(e).  The average diameter among 43 

QDs become 4.3 nm, shown in Fig. 2(f), possibly due to PtS2’s poor solubility in water. The significant size 

increase of PtS2 nanoparticles was observed after 6 months storage as shown in Fig. 2(g). By magnifying the 

scale to high resolution, Fig. 2(h) can be obtained displaying several QDs agglomerate into one larger 

nanoparticle, which is counted as one particle for statistics of size distribution, shown in Fig. 2(i). This increase 

of size may also because of restacking of the exfoliated nanoparticles to thicker ones by the Van der Waals 

forces. The average size of 44 nanoparticles is about 10.5 nm.  

The as-prepared PtS2 QDs were found scattering on the quartz substrate sample by conducting AFM 

measurement. The 1×1 μm2 image of the substrate surface, the section analysis (inset), and the thickness 

analysis are presented in Fig. 3. Two sharp signals of PtS2 QDs can be recognized precisely along the section 

with height of 4.0 nm and 3.4 nm, respectively, suggesting they consist of 8 and 7 layers [17]. The average 

thickness of PtS2 QDs is obtained to be 2.9 nm by measuring 36 QDs. By comprehensive analysis of size 

characteristics obtained by AFM and TEM, the intense ultrasonic energy is proved to be capable to weaken the 

Van der Waals force inside the particles and even break them into the form of nanoscale QDs. 

The chemical composition in raw material of PtS2 powder was investigated by XPS measurement, whereas the 

signal of as-prepared QD sample is too weak to be detected for its insufficient quantity in the solvent. As 

observed in XPS spectrum in Fig. 4(a) and 4(b), the chalcogen in PtS2 can be split peaks into 162.9 eV and 

164.2 eV, respectively, arising from the S2p1/2 with lower binding energy and S2p3/2 with higher binding 

energy in spin-orbit splitting. On the surface of the sample, a part of S2- in PtS2 is transformed to sulphate series. 

The peak detected in Fig. 4(b) at binding energy of 169.6 eV indicates that the sulphates may exist as forms of 



HSO4- or SO42- [21,26]. These considerable sulphate series might produce compound such as PtSO4, 

Pt(HSO4)2·H2O etc., which significantly contribute to the Pt(II), corresponding to Pt4f7/2 and Pt4f5/2 signals 

at 72.2 eV and 75.5 eV, respectively, on the surface of PtS2. The predominant Pt(II) rather than Pt(IV) (at 

binding energy of Pt4f7/2 = 73.1 eV and Pt4f5/2 = 76.5 eV) and the presence of sulphate series illustrate the 

phenomenon of partial oxidation on the surface of the sample during the drying process.  The atomic 

percentages deduced from XPS test were determined to be 15.01% and 26.05% for Pt4f and S2p, respectively, 

from the integrated areas of their peaks. The stoichiometric ratio of S2p to Pt4f is less than the expected value 

of 2. This deviation may attribute to the absence of chalcogens due to yielding the sulphate series by cause of 

oxidization. 

The PL spectra of the PtS2 QDs samples were measured under various excitation wavelengths. Fig. 5(a) presents 

the emission spectra of as-prepared PtS2 QDs sample. The red-shifts of emission peaks ranging from 395.7 nm 

to 464.4 nm account for increasing excitation wavelength from 300 nm to 390 nm. This excitation-dependent 

luminescent property has also been reported on various types of QDs such as carbon QDs [27,28], alloying 

inorganic semiconductor QDs [29,30], and traditional TMDs QDs [8,9]. The mechanism attribute to the size 

effect on the band gap energies of the QDs. Excited by Xenon arc lamp, the smaller QDs with wider band gap 

emit at shorter wavelength while the larger QDs with narrow band gap emit at longer wavelength, indicating 

the poly-dispersity characteristic of this PtS2 QDs sample. The excitation wavelength versus the peak position 

of emission is illustrated in Fig. 5(d). This figure explains that the as-prepared QDs suspension exhibits a linear 

behavior, attributing to the quantum size effect which is schematically explained in Fig. 5(e), that the bandgap 

energy is dependent on the size of QD. The consistency of emission wavelengths provides the evidence of 

quantum confinement effect. The observed luminescent intensity keeps increasing during the red-shift of 

excitation wavelength starting from 300 nm and reaches to the maximum signal of 407.2 nm excited at 330 nm. 

Photoluminescence excitation (PLE) spectrum for the highest emission peak occurring at 407.2 nm wavelength 

was depicted in Fig. 6. The excitation peak appearing at 328.5 nm wavelength can be considered as major 

contributor to 407.2 nm emission wavelength. The UV-Vis spectrum of PtS2 QDs solution was scanned and 

included in Fig. 6 as well. The absorbance curve displays an absorption peak at 271.5 nm. The weak absorption 

trend appears between 311-387 nm might attribute to nanoparticles in larger scales. 



This excitation wavelength dependent behavior may also due to various pathways including but not limited to 

poly-dipersity. Förster resonant energy transfer (FRET), as a result of re-absorption between neighboring QDs, 

can be responsible for the red-shift of the spectrum [31]. Another scenario would account for the excitation 

wavelength dependence could be the fickle surface morphology of the quantum dots. After absorption process, 

the charges will be separated and trapped at surface locations. A recent work reported that the radiative 

recombination of these charges, governed by radiative rates, differ from various surface structure of quantum 

dots [32]. The inhomogeneous distribution of absorption spectrum reflected increasing radiative rates and at 

higher-energy and decreasing radiative rates at lower-energy in Fig. 6, agreeing with the fact in Fig. 5 that the 

PL emissions intensity increases from shorter wavelength and decreases from a certain wavelength to longer 

wavelength. The energy transfer in functional groups may also alter the emission spectrum [33]. Since the raw 

materials is pure PtS2, and the solvent is DI water, the functional groups are assumed to play a minor role to the 

influence of emission spectrum in this work. 

A 0.73 eV stokes shift is observed for 328.5 nm excitation wavelength and the 407.2 nm emission wavelength.  

Such large value might due to the quantum confinement effect, which leads to interaction between discrete 

levels of electron and hole. The spatial overlaps for wave functions of electron and hole increase dramatically 

when the materials sizes decrease to QD scale [34]. Therefore, the fine structure splitting between the lowest 

active singlet excitonic states and passive triplet states are much larger than its layer or bulk counterpart [34,35]. 

Deexcitation, which origins when rapid thermalization takes place from higher active energy states to passive 

triplet states, results in a red shift of emission spectra. As a consequence, it yields a larger stokes shift. The 

environment might also take account for the stokes shift.  Since water is polar solvent, it can reorient the excited 

state dipole of quantum dots, which leads to lower energy and red shifts of emission wavelength. This so called 

solvent relaxation might lead to substantial stokes shifts [36]. 

As shown in Table 1, the PL Quantum Yield (QY) of PtS2 QDs was estimated to be 1.28% by comparing the 

emission peak occurring at 407.21 nm and absorbance of as-prepared sample with the reference 1,8-ANS of 

known QY (0.0032) [37]. The 1,8-ANS was dissolved in water. Since the solvent of PtS2 QDs is water as well, 



the refractive index of the sample and the reference can be considered to be equal, and the value is 1.33. The 

QY for the PtS2 QDs sample can be calculated as Equation 1. 

QY = 𝑄𝑌!"#
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where QYref is the quantum yield of the reference compound, η is the refractive index of the solution, I is the 

integrated emission intensity and A is corresponding to the absorbance of the sample and the reference. 

Table 1. 

Quantum Yield of PtS2 QDs 

Sample Integrated 

emission intensity 

(I) 

Absorbance Refractive index 

of solvent (η) 

Quantum Yield 

(QY) 

1,8-ANS 97.2924 0.87011 1.33 0.0032 (known) 

[27] 

PtS2 QDs 97.9681 0.21925 1.33 0.0128 

 

The long-term PL stability of PtS2 QDs are monitored at stage of 3 months and 6 months stored under ambient 

conditions, shown in Fig. 5(b) and 5(c). To illustrate the difference of the emission peak positions of the three 

samples, emission peak wavelengths are plotted against the excitation wavelengths shown in Fig. 5(d). The 

emission peak was red shifted significantly from 394.4 nm and 395 nm representing for as-prepared sample and 

3 months sample, respectively, to 423.6 nm for 6 months sample under 300 nm of excitation wavelength. The 

390 nm of excitation wavelength gives emission peaks at 455.7 nm, 447.3 nm, and 449.7 nm for as-prepared, 3 

months, and 6 months sample, respectively. These results indicate 61.3 nm, 52.3 nm, and 26.1 nm emission 

peak positions shifted for 3 samples mentioned above, respectively, when the excitation wavelength was tuned 

from 300 nm to 390 nm. The emission peak excited under 300 nm wavelength and smaller range of emission 

peak shifted for the 6 months sample represent its weaker excitation-dependent property compared with the as-



prepared and 3 months samples. These results agree well with the size of nanoparticle shown in Fig. 2. The 

strong excitation-dependent property of 3 months sample shows well-dispersive status of QDs in the solution 

according to the quantum size effect. The weak excitation-dependent property of 6 months sample indicates 

that large nano-particles started to dominate the PL process instead of small QDs. Even though showing weak 

excitation-dependent property, the sample still exhibit PL signals enduring 6 months exposure to the ambient 

conditions. This evidence the decent long-term stability of PtS2’s PL nature.  

4. Conclusions 

In summary, the fabrication of PtS2 QDs suspension via a low-cost liquid exfoliation technique was 

demonstrated for the first time and the PL signals of PtS2 QDs were clearly observed. The statistics of QDs 

illustrates an average dimension of 3.9 nm diameter with 2.9 nm thickness. The as-prepared PtS2 QDs produce 

the maximum luminescent emission peak with a wavelength of 407.2 nm under the excitation wavelength of 

328.5 nm. The excitation dependent luminescent property and size distribution of QDs confirm the quantum 

confinement effect. The great long-term stability of PtS2 QDs may benefits prospective optics application. 

These findings indicate a promising future for luminescence applications.   
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Figure captions: 

 

Fig. 1. Schematic representation of the synthesis process of PtS2 QDs 

 

Fig. 2. (a) TEM image of as-prepared PtS2 solution; (b) High-resolution TEM image of a typical QD in (a); (c) 

Size distribution of PtS2 QDs in (a); (d) TEM image of PtS2 solution stored for 3 months; (e) High-resolution 

TEM image of a typical QD in (d); (f) Size distribution of PtS2 QDs in (d); (g) TEM image of PtS2 solution 

stored for 6 months; (h) High-resolution TEM image of a typical nanoparticle in (g); (i) Size distribution of 

PtS2 nanoparticles in (g). 



 

Fig. 3.  AFM image of as-prepared PtS2 QDs, the height profile along the straight lines (inset), and the statics 

of height distribution 

 

Fig. 4. High resolution X-ray photoelectron spectra of PtS2 for (a) Pt4f region and (b) S2p region 



 

Fig. 5. (a) emission spectra of as-prepared solution; (b) emission spectra of solution stored for 3 months; (c) 

emission spectra of solution stored for 6 months; (d) Emission peak positions according to the excitation 

wavelengths; (e) Diagram of quantum size effect 

 

Fig. 6. Normalized Absorbance spectrum (black curve), Photoluminescence excitation spectrum (red curve), 

and Photoluminescence spectrum (blue curve) for the highest emission peak occurring at 407.21 nm of as-

prepared sample 




