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Abstract:  Manganese (Mn)-doped ZnS nanocrystals (NCs) have been extensively explored for optical 

applications with the advantages of low toxicity, large Stokes shifts and enhanced thermal and 

environmental stability. Although numerous studies on Mn-doped ZnS dots, rods and wires have been 

reported, the literature related to Mn-doped ZnS nanoplatelets (ZnS:Mn NPLs) is scarce. Here, we present 

the first example of direct doping of Mn2+ ions into ZnS NPLs via the nucleation-doping strategy. The 

resulting ZnS:Mn NPLs exhibit Mn luminescence, indicative for successful doping of the host ZnS NPLs 

with Mn2+ ions. The energy transfer from the ZnS NPLs to the Mn2+ ions was observed by employing 

spectroscopic methods. Furthermore, the impact of the Mn concentration on the optical properties of 

ZnS:Mn NPLs was systematically investigated. As a result of Mn-Mn interaction, tuneable Mn emission 

and shortened photoluminescence (PL) lifetime decay were observed and rationalized by means of electron 

paramagnetic resonance (EPR) and X-ray photoelectron spectroscopy (XPS). Finally, we show that the 

initially low dopant-PL quantum yield (QY) of ZnS:Mn NPLs can be dramatically enhanced by passivating 

the surface trap states of the samples. The presented synthetic strategy of ZnS:Mn NPLs opens a new way 

to synthesize further doped systems of two-dimensional (2D) NPLs. 
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INTRODUCTION  

Quasi two-dimensional (2D) nanoplatelets (NPLs) with atomically precise thicknesses have 

emerged as a novel class of materials.1-4 Such 2D NPLs are appealing due to their large surface-to-volume 

ratio, strong quantum confinement effects, and giant oscillator strength, making them promising candidates 

for applications in lasing, energy conversion and storage, and optoelectronic devices.5-7 In contrast to zero-

dimensional (0D) and one-dimensional (1D) nanocrystals (NCs), 2D NPLs present some unique 

optoelectronic properties including extremely narrow spectral line widths in absorption and emission and 

relatively large absorption cross sections because of their well-defined thickness.8 However, these NPLs 

also display some shortcomings originating from their intrinsic structural limitations. For instance, the 

optical properties of NPLs lack continuous tunability since the thickness variation of NPLs is discrete.9 

Additionally, the emission spectrum of NPLs is limited to a relatively narrow wavelength range due to the 

finite number of atomic planes in the thickness direction.10 A typical example are CdSe NPLs. Although 

CdSe NPLs have been synthesized with variable thicknesses, their emission spectrum can only be tuned in 

a range from 460 to 625 nm.1, 11 Similarly, the ZnS NPLs we reported previously exhibit spectrally fixed 

photoluminescence (PL) due to the lack of thickness tunability.12 

Doping of NCs, as an effective strategy to modify their optical properties, has attracted intensive 

research interests in the past years. With a small amount of dopants incorporated into the NCs, they can 

exhibit many new optical, electronic and magnetic phenomena.13-14 Recently, Mn-doped ZnS NCs with low 

toxicity have been explored. After the first synthesis of Mn-doped ZnS quantum dots (QDs),15 a variety of 

synthetic methods to prepare high-quality Mn-doped ZnS QDs have been developed.16-18 In addition to the 

doped QDs, Liu et al. doped ZnS quantum rods (QRs) with Mn2+ ions which displayed high quantum yield 

(QY) (up to 45%).19 Despite a lot of studies report Mn-doped ZnS dots, rods and wires, the literature related 

to Mn-doped ZnS (ZnS:Mn) NPLs is scarce. Zinc sulfide NPLs present an attractive choice as the matrix 

for Mn2+ ions. Zinc and manganese ions in tetrahedral coordination have similar ionic radii (74 vs 80 pm).20-

21 Due to the strong confinement in NPLs, the matrix absorption and Mn2+ emission can be spaced in 

spectrum by more than 2 eV. Additionally, the wurtzite (WZ) phase of ZnS shows enhanced crystal field 

and spontaneous polarization being able potentially to influence the PL of the dopant.22 Altogether, this 

creates a perspective non-explored platform for low-toxic energy conversion units with no self-absorption 

and enhanced oscillator strength. To date, one work showed the preparation of ZnS:Mn NPLs by the post-

synthesis treatment,23 whereas the as-synthesized ZnS:Mn NPLs were quite unstable. The Mn2+ ions are 

very easily ejected from the ZnS NPLs once the temperature is below 180 °C. This research reflects that 

the synthesis of ZnS:Mn NPLs still remains a big challenge.  
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Herein, we report a simple, effective and ñgreenò (phosphine-free) synthesis method for obtaining 

ZnS:Mn NPLs with uniform thickness. The as-synthesized ZnS:Mn NPLs display Mn luminescence 

indicating the successful doping of the ZnS crystal lattice with Mn2+ ions. To the best of our knowledge, 

this is the first time of direct doping of colloidal ZnS NPLs with Mn2+ ions via a nucleation-doping strategy. 

We explore the mechanism of energy transfer between ZnS NPLs and Mn2+ ions by using steady-state UV-

Vis absorbance, PL and PL excitation (PLE) measurements. The effect of different Mn concentrations on 

the optical properties of ZnS:Mn NPLs is investigated in detail. Steady-state PL spectra, PL QY 

measurements and time-resolved PL decay of the samples reveal red-shifted Mn emission, relatively low 

PL QY and short PL lifetimes due to the presence of strong Mn-Mn interaction. Furthermore, we show that 

the Mn-related PL QY of doped NPLs can be dramatically enhanced by passivating the surface trap states 

of the samples. 

 

RESULTS AND DISCUSSION 

In this study, colloidal Mn-doped ZnS NPLs were synthesized by adapting the soft-template 

method for the synthesis of ZnS NPLs, which we reported before.12 The original method was already 

optimized for obtaining the most stable and homogeneous product. For this, the parametric window was 

found to be very narrow. It turns out that all the time, temperature, and species-concentration regimes of 

the ZnS NPL synthesis also work best for the synthesis of Mn-doped ZnS NPLs. In a typical synthesis, zinc 

chloride, manganese acetate, and sulfur powder with a nominal Mn:Zn:S molar ratio of x:1:3 were dissolved 

in a mixture of oleylamine (OAm) and octylamine (OTA). In this study, x has been varied between 

approximately 0.03% and 16%. After purging with nitrogen at 100  for half an hour, the reaction solution 

was heated to 150  for 6 hours. After cool-down, precipitation and washing of the samples, a transmission 

electron microscopy (TEM) grid was prepared. The exemplary TEM image in Figure 1A of the as-

synthesized Mn-doped (x = 4%) ZnS nanostructures reveal their platelet-like shape similar to undoped 

NPLs, as shown in Figure 1B. A high-resolution (HR) TEM image of an individual ZnS:Mn NPL (Figure 

1C) exhibits the well-resolved lattice fringe pattern illustrating that the doped NPLs are well-crystallized. 

The observed lattice spacings were measured to be 3.09 and 3.27 Å, matching well the (0001) and (10-10) 

plane spacings of the bulk WZ-ZnS structure (ICPDS 00ī080ī0007). The corresponding fast Fourier 

transform (FFT) (Figure 1D) clearly reveals that the [0001] and [10-10] directions span the basal plane of 

the NPL. The X-ray diffraction (XRD) pattern for the ZnS:Mn NPLs (Figure 1E) indicates that they retain 

the WZ structure of ZnS (ICPDS 00ī080ī0007) after Mn doping. The energy-dispersive X-ray 

spectroscopy (EDS) spectrum (Figure S1, Supporting Information) confirms the presence of an Mn 
































