
1 

 

Highly Stable CsPbBr3@MoS2 Nanostructures: Synthesis and 
Optoelectronic Properties Towards Implementation into Solar 
Cells 

Achiad Goldreich[a],¶, Jonathan Prilusky[a],¶, Neena Prasad[a], and Lena Yadgarov*[a] 

[a] Department of Chemical Engineering 

Ariel University 

Ariel, 4076414, Israel 

* Corresponding author; E-mail: lenay@ariel.ac.il  

¶ These authors contributed equally 

 Supporting information for this article is given via a link at the end of the document. 

 

Abstract: Halide perovskites (HPs) have gained significant interest in 

the scientific and technological sectors due to their unique optical, 

catalytic, and electrical characteristics. However, the HPs are prone 

to decomposition when exposed to air, oxygen, or heat. The instability 

of HP materials limits their commercialization, prompting significant 

efforts to address and overcome these limitations. Meanwhile, the 

transition metal dichalcogenides, such as MoS2, are chemically stable 

and offer versatile properties suitable for electronic, optical, and 

catalytic applications. The layered structure of MoS2 allows for the 

development of protective coatings for other nanoparticles. In this 

study, we successfully synthesized a novel CsPbBr3@MoS2 core-

shell nanostructure (CS-NS) by enveloping CsPbBr3 within a MoS2 

shell for the first time. We also demonstrate a significant enhancement 

in the stability of CS-NSs when dispersed in polar solvents for 

extended periods. Remarkably, the hybrid CS-NSs exhibits an 

absorption spectrum closely aligned with MoS2 and 

photoluminescence (PL) quenching, indicating the potential for 

charge or energy transfer. We used finite difference time domain 

(FDTD) simulations to evaluate the efficiency of CS-NS-based solar 

cells and their potential for performance enhancement. This 

groundbreaking CS-NSs represents a significant advancement in 

harnessing halide perovskite materials for applications in 

photovoltaics and various optoelectronic devices. 

 

Introduction 

The ability to convert solar energy into efficient and 

environmentally friendly energy sources holds worldwide 

significance in both scientific and technological domains. Solar 

cells play a pivotal role in switching to sustainable energy 

alternatives by harvesting solar and converting it into useful 

power.[1] Over the past decade, halide perovskites (HPs) have 

emerged as one of the most promising semiconductors for 

photovoltaic solar cells due to their strong optical absorption, high 

carrier mobility, weak exciton binding energy, and low processing 

costs.[2] Also, HPs, in their bulk and nanocrystal form, exhibit 

excellent optoelectronic properties[3] and possess significant 

potential for applications including solar cells, light-emitting 

diodes (LEDs)[4] lasers,[5] photodetectors,[6] and photocatalysis.[7] 

HPs are typically formulated as ABX3, where A is an organic or 

inorganic cation, B is a divalent metal ion (Pb2+ or Sn2+), and X 

denotes a halogen element.  

 

Significantly, CsPbBr3 nanocrystals (NCs) have attracted 

considerable attention in research within the realm of all-inorganic 

HPs owing to their exceptional optical properties and strong light-

matter interaction.[8] These NCs are potential candidates in 

several applications, such as liquid crystal displays, solar 

concentrators, and radiation detectors.[9] However, the inherent 

weak stability of the HPs presents a significant challenge for its 

practical implementation in devices.[10] The instability of the HPs 

NCs is due to three main aspects: (1) the high ionicity of the 

bonding, which makes them unstable in any polar solvent; (2) 

moderate thermal stability due to low melting points of ~400°C; 

and (3) the dynamic nature of the ligand binding result in Ostwald 

ripening and a loss of structural and colloidal stability.[11]  

 

The primary synthetic strategies for enhancing the stability of HPs 

NCs include using branched ligands or a core-shell 

architecture.[12] However, the branched capping ligands only 

partially stabilize the NCs when exposed to polar solvents or at 

elevated temperatures.[13] Hence, producing core-shell structures 

is preferred for colloidal semiconductor HPs NCs. The shell acts 

as a physical barrier that mitigates the presence of a surface trap, 

reduces exciton recombination, and enhances charge transfer.[14] 

This enrichment enhances the optical properties of the core, 

thereby improving the photovoltaic and photocatalytic 

properties.[14-15] Typically, the shell consists of SiOx, metal oxides, 

or polymers.[16] When polymers are employed, the post-synthetic 

stabilization of HP NCs results in composite structures rather than 

the "classical" core-shell architecture.[16a] Namely, the polymers 

serve as a protective medium rather than a well-defined shell, 

leading to the poor dispersion of the NCs. SiO2-encapsulated HPs 

NCs have been extensively explored and exhibit excellent stability 

and dispersibility in most media.[17] However, the SiO2 shell often 

possesses significant thickness, impeding effective charge 

transfer and posing challenges to the applications of HPs NCs in 

the field of renewable energy.[18] 

 

Another viable approach for creating stable core-shell NCs 

involves using metal chalcogenide shells such as PbS, CdS, and 

ZnS.[19] The use of inorganic shells allows the adjustment of the 

optoelectronic properties of the NCs and contributes to the 
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stabilization and passivation of the NCs.[20] However, it is worth 

noting that achieving a well-formed shell is a complex process, 

and often, only partial capping is performed, necessitating the 

continued use of ligands. An additional drawback of the all-

inorganic passivation of the HPs-NCs can be the thickness of the 

shell.[6a, 21] A thick shell blocks charge extraction, increases lattice 

strain and reduces device performance.[21] An optimum shell 

thickness and composition should be carefully designed, and the 

corresponding influence on the optical properties needs to be 

inspected.  

 

Given the outstanding chemical stability, exceptional 

optoelectronic properties, and other characteristics, including its 

size-dependent bandgap transitional metal di-chalcogenides 

(TMDs) emerge as excellent candidates.[22] Earlier studies have 

demonstrated that TMDs, like MoS2, have great potential as 

surface passivation agents[23] and have shown great promise in 

various applications.[24] For instance, MoS2 exhibits a bandgap in 

the visible range and features abundant active hydrogen sites at 

its edges provided by unsaturated sulfur species.[25] With 

properties such as visible band-edge excitation, metal-centered 

d–d transition,[26] and chemical inertness,[27] MoS2 is well-suited 

for applications in solar cells, photodegradation of toxic materials, 

photovoltaics, and various electronic devices.[28] In solar cells, 

MoS2 serves as an additive that remarkably stabilizes devices,[29] 

preventing the formation of shunt contacts[30] and acting as a hole-

transport layer.[31] Additionally, these devices demonstrate 

ultrafast charge extraction at the interface.[32] Notably, MoS2 

surpasses CsPbBr3 in terms of light absorption properties. Hence, 

the synergistic combination of CsPbBr3 NCs with MoS2 is 

anticipated to enhance the stability of NCs and lead to a notable 

improvement in their optical properties.[33] Conversely, hybrids 

and heterojunctions exhibit a partial interaction, resulting in 

properties similar to the superposition of their constituent 

materials.[34] CsPbBr3/MoS2 hybrid NSs are expected to be an 

excellent candidate for optoelectronic applications.[35] Although 

studies on CsPbBr3/MoS2 heterojunction have been 

conducted,[36] a core-shell system of these materials has not been 

investigated so far due to the absence of powerful and convenient 

synthetic approaches.  

 

Here, we are developing an effective and novel synthetic method 

for CsPbBr3@MoS2 CS-NSs for the first time. Initially, we 

synthesized the CsPbBr3 NCs via the hot injection method.[37] We 

synthesized the CS-NSs using pre-synthesized CsPbBr3 NCs and 

(NH4)2MoS4 precursor. The final structure is formed through a 

ligand exchange process and two-step annealing. Our study 

investigates the morphology and optical properties of the 

intermediate structures of CS-NSs to understand their formation 

mechanism. Despite the perceived simplicity of creating 

CsPbBr3@MoS2, we encountered significant challenges, 

including high orthogonal solubility and melting temperature of 

CsPbBr3 vs MoS2. Further, through theoretical finite difference 

time domain (FDTD) simulations, we determined the optimal core 

size and the ideal number of MoS2 shell layers. This approach 

reduces the difficulties associated with experimental work, 

minimizing time consumption and resource-intensive efforts in the 

laboratory. Also, the theoretical simulations offer a thorough 

examination and evaluation of the efficiency of CS-NS-based 

solar cells, providing valuable insights into the performance in 

photovoltaic applications.  

Results and Discussion 

Structural And Morphological Analysis 

Figures 1 a and b represent the transmission electron 

microscope (TEM) images of the synthesized CsPbBr3 NCs and 

CsPbBr3@MoS2 CS-NSs, illustrating the successful formation of 

the CS-NSs. The detailed description of the synthetic procedure 

is given in supporting information (SI) and illustrated in Figures 

S1 and S2. Briefly, the CsPbBr3 NCs were synthesized using the 

hot injection method [37], and the MoS2 shell was formed through 

the ligand-exchange process, followed by annealing at 500°C. 

The schematic representation of the MoS2 shell formation over 

the CsPbBr3 core is depicted in Scheme 1. 

Scheme 1. Schematic representation of the Illustration of the MoS2 shell over 

CsPbBr3 and the forming of the CsPbBr3@MoS2 core-shell nanostructure 

synthesis  

The highly crystalline nature of CsPbBr3 NCs is evident in the 

TEM images, as represented in Figures 1 a and S3 a. The 

average particle size of these NCs is determined to be ~8±2 nm, 

and the particle size distribution graph is shown in Figure S3 b. 

Also, the spacing of the lattice fringes of the NCs was found to be 

0.42 nm, corresponding to the (110) crystallographic planes of 

orthorhombic CsPbBr3 NCs (Figure S3 c). Notably, this 

observation aligns with the obtained X-ray diffraction (XRD) 

pattern of CsPbBr3 NCs (Figure S4 a).  

 

The process of synthesizing CS-NSs involves first synthesizing 

CsPbBr3 NCs, followed by a two-step annealing procedure. The 

TEM images of the partial formation of the MoS2 shell over the 

CsPbBr3 NCs at the first annealing step are shown in Figures S5 

a-d. The final synthetic step includes the formation of CS-NSs by 

a complete sheathing CsPbBr3 NCs by MoS2 shell. The average 

radius of CS-NSs was 33.86±1.2 nm from the size distribution 

graph shown in Figure S6 f. The increase in the average radius 

of the CsPbBr3 core is likely attributed to the Ostwald ripening 

effect, which occurred during the prolonged stirring period and 

ligand exchange.[38] The typical number of encapsulating MoS2 

layers ranges from 1 to 4 (Figure 1 b and S5 a-d). Notably, the 

synthetic process yields about 25% of the CS-NSs, with the 

remaining NSs being a hybrid configuration (Figure S6). Namely, 

we create a composite (hybrid) by blending CsPbBr3 NCs with 

MoS2 sheets that form during the synthesis process. A close TEM 

analysis shows that the core of CsPbBr3 NCs did not fill the entire 

volume inside the MoS2 shell, possibly due to lattice mismatch.[39] 
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According to the TEM micrographs presented in Figure 1 c, the 

lattice fringe spacings of 0.419 and 0.624 nm correspond to (110) 

and (002) crystallographic planes of CsPbBr3 and MoS2, 

respectively. Moreover, the selected area electron diffraction 

(SAED) image presents diffraction rings that match CsPbBr3 NCs 

(green rings) and MoS2 (azure rings, Figure 1 d). Figure 1 e 

shows the XRD patterns of CsPbBr3, MoS2, and the CS-NSs, 

which confirms the presence of CsPbBr3 and MoS2 phases in the 

CsPbBr3@MoS2 sample. The observed peaks in the XRD pattern 

closely align with the literature values for the crystallographic 

planes (112) and (002) of orthorhombic CsPbBr3
[40] (Figure S4 a) 

and the trigonal (2H) phase of MoS2
[41]

 (Figure S4 b). The EDS 

analysis provides the chemical composition of the CS-NSs and 

validates the presence of the constituent elements of 

CsPbBr3@MoS2 (Figure S7). However, the exact estimation of 

the Mo/S ratio is impossible due to the overlap between Mo, S, 

and Pb peaks.[42] The structural analysis done by TEM, XRD, and 

EDS collectively reveals the coexistence of the CsPbBr3 and 

MoS2 phases, indicating the emergence of the CsPbBr3@MoS2 

CS-NS. 

 

The presence of MoS2 sheets passivates all the CsPbBr3 NCs, 

enhancing their stability and enabling dispersion in water or 

ethanol (EtOH). It is important to note that pure CsPbBr3 NCs are 

unstable in polar solvents and decompose easily. Exceptionally, 

the synthesized CsPbBr3@MoS2 CS-NSs are stable in polar 

solvents, providing compelling evidence for the enhanced stability 

of the NCs. To assess the stability within polar solvents, we 

introduced the NCs and CS-NSs into an aqueous solution and 

closely observed the color changes (Figure 1 f). Significantly, the 

NCs underwent complete decomposition within a few minutes, 

marked by a change in color from yellowish to white. In contrast, 

the CS-NSs displayed remarkable resilience, remaining as they 

were without any decomposition in water for over a week, with the 

color persisting in a grayish hue. 

 

Figure 1. (a-c) TEM micrographs of (a) CsPbBr3 NCs, (b) CsPbBr3@MoS2 CS-NS and (c) CsPbBr3@MoS2 CS-NS – the atomic lattice of the CsPbBr3 with a lattice 

spacing of 0.419 nm (green), and MoS2 with 0.624 nm (azure); (d) Diffraction rings of the CS-NSs, here the CsPbBr3 and MoS2 diffraction patterns are marked in 

green and azure, respectively; (e) XRD of the CS-NSs; (f) dispersion of CsPbBr3 NCs and CS-NSs in toluene (on the top) and in water (on the bottom) 

Optical Analysis 

We employed optical analysis to support the TEM and XRD 

analysis findings. The absorption spectra of the CsPbBr3 NCs and 

the CS-NSs are presented in Figure 2 a. The spectral analysis of 

CsPbBr3 NCs exhibits a distinct cutoff at 512 nm, indicative of its 

typical absorption edge (Figure 2 a, yellow line).[43] The PL 

spectra of the NCs exhibit a sharp emission peak at 509 nm with 

a high photoluminescence quantum yield (PLQY) of 92%, 

characteristic of the CsPbBr3 NCs (Figure 2 c, yellow line). 
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Interestingly, upon forming CsPbBr3@MoS2, the absorption 

spectra display only MoS2 peaks at 406, 613, and 665 nm, 

corresponding to the C, B, and A excitons, respectively (Figure 2 

a, green line).[44] Moreover, the PL of the NCs is completely 

quenched (Figure 2 c, green line). This PL quenching and the 

absence of the absorbance peak of CsPbBr3 signifies the 

complete formation of a MoS2 sheath encapsulating the CsPbBr3 

NCs surface. The disappearance of the absorption edge of the 

NCs may stem from the variance in absorption coefficients 

between MoS2 and CsPbBr3. This observation is further 

supported by the simulated absorbance of the NCs and CS-NSs, 

as discussed below. The PL quenching of the CsPbBr3 NCs can 

be attributed to the charge or energy transfer from the conduction 

band (CB) of the NCs to the CB of MoS2, which leads to the 

creation of an electron-hole pair.[35, 45] We calculated the NCs, 

MoS2, and CS-NSs bandgaps using Tauc's plot. We found that 

the Eg are ~2.38 eV, 1.83, and ~1.81 eV, corresponding to 

CsPbBr3 and MoS2, respectively (Figures S11 a, e, f).[3a, 46] The 

combination of findings obtained through XRD, TEM, PL, and 

absorption analyses thoroughly confirms the successful formation 

of the CS-NSs.

Figure 2. (a)-(b) UV-Vis absorbance spectra (c) PL spectra (d) FTIR of CsPbBr3@MoS2 CS-NSs at different synthesis stages and (e) the scheme of the reaction 

mechanism of the CS-NSs

Study of the Formation Mechanism of the CS-NSs Using 

Optoelectronic Properties 

Here, we investigated the morphology and optical properties of 

the CS-NSs in order to understand their formation mechanism. To 

accomplish this objective, we assessed the optical characteristics 

at various stages of the synthetic process, encompassing 

absorbance, photoluminescence (PL), and Fourier-transform 

infrared (FTIR) spectroscopies. Despite its seeming simplicity in 

accomplishing the CsPbBr3@MoS2 nanostructure, we have 

encountered several significant difficulties through its synthesis. 

Hence, establishing the primary obstacles inherent in this notable 

and unexplored synthesis is imperative. The main challenges 

were (a) the high solubility of the CsPbBr3 in polar solvents; (b) 

the precursor for MoS2 formation, the (NH4)2MoS4 salt, was 

insoluble in a non-polar solvent; (c) steric hindrance by the NCs 

ligands that prevent efficient MoS4
2- binding; (d) the melting 

temperature of the CsPbBr3 NCs is below the MoS2 crystallization 

temperature; and (e) formation of MoS2 as a separate phase.  

 

Solubility (challenge a and b) 

Our initial focus was on selecting an appropriate solvent to 

facilitate the dissolution of the MoS2 precursor, i.e., ammonium 

tetrathiomolybdate (ATTM or (NH4)2MoS4), while preserving the 

structural integrity of CsPbBr3 NCs. The procedure begins with 

the synthesis of CsPbBr3 NCs [37], followed by overnight stirring 

with ATTM. A homogeneous mixture of CsPbBr3 NCs and ATTM 

is crucial for the formation of CsPbBr3@MoS4
2-, which transforms 

into core-shell CsPbBr3@MoS2 CS-NSs during annealing. This 

step was challenging due to the orthogonal dispersion 

characteristics of NCs and  ATTM. Namely, whereas CsPbBr3 

requires non-polar solvents for dispersion due to its lipophilic 

ligands, ATTM is soluble only in polar solvents owing to its ionic 

nature. Identifying a solvent that dissolves ATTM while 

maintaining the structural integrity of CsPbBr3 is crucial. The most 

effective method to achieve that goal involves combining two 

miscible solvents with different polarities. Herein, we conducted 

dispersion and dissolution experiments using various solvents to 

determine the optimal solvent mixture. These solvents were 

classified according to their polarity. Subsequently, they were 
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analyzed based on their ability to dissolve ATTM and their impact 

on the structural and optical properties of CsPbBr3 NCs (Table 

S1).  

 

Furthermore, we undertook two concurrent analyses, exploring 

the dissolution and stability of CsPbBr3 NCs and the solubility of 

the ATTM. We investigated these parameters in several chosen 

solvents, employing visual observations and measurements of 

absorbance and PL. The color change observed can be 

considered an indication of structural degradation.[47] The results 

of these measurements are shown in Figures S8-10. From the 

dissolution and stability study of NCs, we found that hexane and 

toluene were the most favorable solvents. In ethyl acetate (EtAc), 

the NCs exhibit stability for 10 minutes before initiating 

decomposition (Figures S8 a, b). This observation suggests that 

EtAc can serve as a secondary solvent with careful control over 

its concentration. The addition of EtAc will allow the enhancement 

of the polarity of the mixture without causing damage to the NCs. 

Our exploration of ATTM dissolution revealed that isopropyl 

alcohol (IPA), ethanol (EtOH), and EtAc demonstrate the 

capability to dissolve it. This consideration involved examining 

changes in the precipitation rates of the solute. Among these 

solvents, EtAc exhibited superior efficacy in dissolving ATTM 

(Figure S10 a). Moreover, as EtOH and IPA cause the dissolution 

of the NCs, EtAc stands out as the preferred additional solvent in 

the mixture. It effectively dissolves ATTM while being less 

detrimental to the structural integrity of CsPbBr3, particularly when 

employed as a secondary solvent. Upon incorporating hexane as 

the primary solvent and reevaluating the solubility of ATTM, we 

observed that the most stable suspension was achieved with a 

mixture containing a 2:1 ratio of hexane to EtAc (v:v) (Figure S10 

b). Indeed, we found that the 2:1 solvent mixture facilitates the 

dissolution of ATTM while preserving the structural integrity of 

CsPbBr3 NCs. These findings guided CS-NSs synthesis, and the 

observed optical properties provided compelling evidence for the 

effectiveness of the hexane/ EtAc combination. 

We employed optical analysis to investigate the growth 

mechanism, addressing concerns regarding the structural 

changes in NCs in the synthesis process. We initially stored the 

pre-synthesized CsPbBr3 in hexane and then added the 

(NH4)2MoS4 dissolved in EtAc. The resulting blend was mixed 

overnight and subsequently centrifuged and annealed. To 

evaluate the survivability of the CsPbBr3 NCs throughout the 

synthetic process, we measured their optical properties at each 

step of the synthesis: (I) after adding EtAc, (II) following overnight 

stirring, and (III) after centrifugation (Figures 2 b, c). In the first 

two steps (I, II), the NCs absorption remained consistent upon 

adding ATTM/EtAc. In the third step (III- centrifugation), the 

absorption and PL spectra of the supernatant containing residuals 

mirrored the original optical behavior of the NCs, confirming their 

integrity throughout these stages. Moreover, the bandgap value 

remained nearly unchanged at 2.35±0.03 eV throughout these 

steps (Figures S11 a-d). These findings indicate that we 

successfully developed a method for dissolving ATTM without 

destroying the CsPbBr3 NCs. 

 
Ligands exchange (Challenge c) 

Upon investigating the changes induced by the addition of ATTM, 

we found an increase in absorbance spectra within the 520-800 

nm region (Figure 2 b, red line). This rise might be rooted in 

several factors: (i) the presence of ions causing changes in the 

dielectric environment;[48] (ii) the contribution of the MoS4
2- 

absorption; or (iii) the exchange between lipophilic ligands (oleic 

acid (OA) and oleylamine (OLAm)) and MoS4
2- i.e., alterations in 

ligand binding.[11, 48] The latter is the most plausible, as the 

absorbance in the region 520-800 nm further increases after the 

overnight stirring (Figure S12). The repeated stirring–sonication 

cycle prevented aggregation of the ATTM and facilitated the 

exchange of tetrathiomolybdate ions with OA ligands. 

Furthermore, EtAc acts as a polarity enhancer, intensifying the 

affinity between the ligands and the solution. It decreases the 

density of ligands bound to the surface of NCs, thereby reducing 

the steric hindrance that impedes the efficient attachment of 

MoS4
2-. Consequently, employing EtAc alongside the 

sonication/stirring cycles facilitated the formation of the 

CsPbBr3@MoS4
2- core-shell structure.  

 

 

Further, the PL study was employed to investigate the changes 

induced by the addition of ATTM. We found that the PL intensity 

(~509 nm) gradually decreases upon the addition of ATTM and 

further decays after overnight stirring (Figure 2c). Notably, 

immediately upon the addition of ATTM, the PL decreased by ~ 

50%. The main reason is the dilution, as we introduce 5 mL of 

EtAc/ATTM to the 10 mL of hexane/NCs. Furthermore, a new 

peak emerges in the PL spectra at 485 nm following the addition 

of ATTM, and its intensity increases after the overnight stirring 

(Figure 2 c, S13, and Table S3). The appearance of an additional 

peak suggests a change in the aspect ratio of the NCs due to 

changes in ligand attachment.[49] To support this conclusion, we 

measured the PL spectra of the supernatant of the centrifuged 

CsPbBr3@MoS4
2- after the overnight stirring. We expected that 

the bigger and heavier MoS4
2- coated NCs would precipitate 

rapidly while unmodified NCs would remain in the supernatant. 

Indeed, the supernatant's spectra closely matched those of 

uncoated NCs, with no significant peak at 485 nm. This relatively 

straightforward analysis strongly supports the inference that the 

ligand exchange process occurred, wherein MoS4
2- replaced the 

OA and OLAm ligands. Furthermore, the successful separation of 

MoS4
2-coated NCs from pristine CsPbBr3 NCs was achieved 

through centrifugation, promoting the formation and a higher yield 

of CS-NSs.  

 

FTIR spectroscopy can provide additional verification and a 

detailed demonstration of the ligand exchange. Here, we 

measured the CsPbBr3 NCs in the hexane solution (Figure 2 d). 

The FTIR spectra of CsPbBr3 NCs exhibit a characteristic 

spectrum, with peaks assigned to the ligands (OA and OLAm).[50] 

Upon addition of the ATTM to the CsPbBr3 NCs solution, the FTIR 

spectra exhibited a few additional peaks located around 639, 470, 

and 372 cm-1, which can be attributed to Mo-S stretching vibration 

(Figure 2 d, beige square).[51] We substantiate this assignment by 

juxtaposing the CsPbBr3/ATTM IR spectra with that of the ATTM 
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precursor. (Figure S14). Also, the N-H stretching and bending 

peaks rise due to the additional amine in the ATTM solution 

(Figure 2 d, pink square). The intensity of the peaks assigned to 

C-H and N-H bending in the 3000-2800 cm-1 range decreased 

significantly due to diluting of the CsPbBr3 NCs with the ATTM 

solution (Figure 2 d, pink square). Interestingly, following the 

introduction of the ATTM to the CsPbBr3 solution, the intensity of 

the Mo-S peaks is weak and increases only after overnight stirring. 

These results strengthen our conclusion from the PL 

spectroscopy, indicating the exchange of ligands and the 

formation of MoS4
2- shell on top of the CsPbBr3 NCs. Moreover, 

the intensity of the peaks associated with the ligands diminished 

significantly, suggesting that the ligands were partially removed 

from the surface of the CsPbBr3 NCs. It is important to emphasize 

that the peaks that become apparent at 1075 and 1047 cm-1 are 

associated with the S=O stretching feature of sulfoxides 

originating from the ATTM precursor (Figure S14). Furthermore, 

we employ HAADF/EDS analysis to support our findings 

regarding the CsPbBr3@MoS4
2- after the overnight stirring 

(Figure S15). The distribution regions of both the S and Br 

elements are identical, thereby providing supplementary 

confirmation regarding the attachment of MoS4
2- to the surface of 

the CsPbBr3 NCs. Yet, the overlapping of Mo and S peaks 

prevented the attainment of an accurate ratio between them. In 

conclusion, a thorough analysis of the results obtained by FTIR 

spectroscopy and EDS demonstrates that the CsPbBr3@MoS4
2- 

core-shell NPs are formed through ligand exchange (Figure 2 e). 

 
Annealing and MoS2 formation (challenge d and e) 

The transformation from CsPbBr3@MoS4
2- to core-shell 

CsPbBr3@MoS2 NSs was achieved by annealing the sample 

under a vacuum. During the annealing process, the MoS4
2- was 

reduced to MoS2, releasing NH3, S, and H2S gases (Equation 

S1).[52] The product of the annealing process depends on the 

temperature gradient created in the reactor. The continuous 

pumping and the gradient allow vapor evacuation and modify the 

equilibrium such that excess sulfur can be released. The bending 

and close-cage formation of MoS2 occurs due to the presence and 

chemical reactivity of dangling bonds.[52c, 53] This phenomenon 

facilitates the formation of CS-NSs.  

 

As mentioned earlier, the formation of CS-NSs remains a highly 

challenging process, even after the successful formation of 

CsPbBr3@MoS4
2-. The crystallization of MoS2 requires a high 

annealing temperature (~500 ℃), while the NCs melt at ~400 ℃ 

in a vacuum environment.[54] Indeed, the synthesis of MoS2 can 

be activated at lower temperatures (~380 ℃), but a slightly higher 

temperature is necessary to produce a sufficient quantity of the 

substance. In addition, despite its low melting temperature, 

CsPbBr3 can withstand temperatures of 500 ℃ during short-term 

annealing. A further complication in synthesizing the CS-NSs is 

the tendency of MoS2 to form multilayer platelets as a separate 

bulk phase. To overcome this challenge, we implemented a rapid 

cooling technique. This technique successfully hindered the 

continuous growth of multiple layers of MoS2 and maintained a 

thin layer of MoS2 on top of the CsPbBr3 NCs surface.[54-55] We 

chose a two-step annealing process to preserve the NCs and 

enable their encapsulation by MoS2 sheets. The initial step in this 

process involves swift (5 minutes) heating at 380 ℃, followed by 

immediate cessation through rapid cooling. Subsequently, the 

CsPbBr3@MoS4
2- was heated to 500 ℃ for 10 minutes and cooled 

rapidly. Generally, upon heating, MoS4
2- (MoVI) would be reduced 

to form MoS2 (MoIV).[52b] The fast heating allows partial reduction 

to MoS3 and the formation of a small amount of MoS2, which is 

apparent in the TEM image (Figure S5 a-d).[56] We hypothesize 

that this initial step promotes encapsulation of the CsPbBr3 NCs. 

This prevents the NCs from melting during the second annealing 

step, as well as the formation of MoS2 as a distinct phase. The 

rapid cooling helped maintain the closed cage structure of MoS2, 

preventing the growth of additional layers (challenge (e)). TEM 

micrographs presented in Figures S5 a-d unveil the initial growth 

of MoS2 during the first annealing process. After the second 

annealing step, the formation of the MoS2 shell became 

significantly more apparent (Figures 1 b, S6 a, b). The XRD 

pattern from the initial annealing step displays faint MoS2 peaks, 

suggesting insufficient crystallization of the layers (Figure S5 e). 

Following the second annealing step, the XRD pattern exhibits 

prominent MoS2 peaks, underscoring the essential role of this 

step in facilitating the formation of MoS2 sheets.  

 

To decouple the contribution of the MoS2 shell from the CsPbBr3 

core, we synthesized the pristine MoS2 under synthetic conditions 

resembling those of CS-NSs (Figure S12 b). This strategy 

provided a solid foundation for comparing the optical properties of 

the CS-NSs to the pristine CsPbBr3 and MoS2. During the first 

annealing step, the distinctive spectral characteristics of CsPbBr3 

disappeared completely, and the spectra became distorted and 

somewhat lacking in distinct features (Figure 2 b, azure line). 

After the second annealing, the absorption spectra closely 

resembled that of pure MoS2 (Figure S12 b).  

Finite Difference Time Domain (FDTD) Simulations: 

Optical Absorbance and Electric Filed Distribution 

We employed FDTD simulations to explore the optical behavior 

and identify the most favorable structure for achieving maximum 

absorption (the schematic of the simulation cross-section is 

presented in Figure S17). Specifically, we investigated the impact 

of varying the diameters of the CsPbBr3 core (10 to 40 nm) and 

the number of MoS2 layers (1 to 4 layers, 1L=0.615 nm)[46a, 57] on 

electric field intensity (|E2|) and the absorbance spectra. We 

chose the diameter and number of MoS2 layers based on the 

experimental results (Figure S5). The simulated and the 

experimental absorption spectra of MoS2 and CsPbBr3 are 

presented in Figure 3 a. The 520, 660, and 615 nm peaks in the 

absorption spectra correspond to the exciton of CsPbBr3 and the 

A and B excitons of MoS2, respectively.[57-58] The experimental 

and simulated data exhibit excellent overlap, indicating the 

accuracy of the simulation parameters.[57-58] In all simulations, the 

core sizes of CS-NSs did not significantly impact the absorbance 

of CsPbBr3@MoS2. The results consistently displayed features 

similar to those observed in experiments (Figure S18). Hence, a 

core radius of 40 nm produced the optimal intensity in the electric 

field and offered the potential for efficient light harvesting (Figure 

S19). Interestingly, the average core size in the synthesized CS-

NS was found to be 33.86±1.2 nm. This finding further indicates 
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that 40 nm is an optimal choice for a core size of the 

CsPbBr3@MoS2 NC.  

 

Figure 3 b shows the absorption spectra of CsPbBr3@MoS2 CS-

NS with different numbers of MoS2 layers (L). A remarkable 

enhancement (of x10) in the absorption intensity was observed 

upon adding a single MoS2 layer to the CsPbBr3 core. The 

absorption spectra of the CsPbBr3@4L-MoS2 exhibit similar 

features to their single-layer counterpart. However, there was a 

significant increase of two orders of magnitude in the absorption 

intensity at the 500-800 nm range between CsPbBr3@1L-MoS2 

and CsPbBr3@4L-MoS2. Interestingly, the contribution from the 

CsPbBr3 NC was almost undetectable due to the strong 

contribution from MoS2. The high absorption coefficient of MoS2 

(2.8 ∙ 106 cm−1 ) compared to CsPbBr3 NC (7.7 ∙ 104 cm−1 ) at a 

wavelength of 400 nm.[59] This difference can be the reason for 

the strong contribution of MoS2 to the absorption of the CS-NS.[44, 

59] The visualization of the electric field (E2 ≈|E/E0|2) maps of NC 

and CS-NSs are presented in Figures 3 c-f and S20. A strong 

enhancement of E2 upon adding MoS2 layers corresponds to our 

previous observation regarding the enhancement in absorbance 

(Figure 2 a). The most pronounced E2 enhancement can be 

found at =520 nm and 604 nm, where there is a major difference 

in the imaginary part of the dielectric function of CsPbBr3 and 

MoS2. Therefore, probing the E2 at these specific wavelengths 

allows us to gain insights into the impact of the encapsulation. 

Interestingly, the E2 enhancement was more conspicuous at 

=604 nm than at =520 nm. Moreover, we observed a 230% 

increase in the electric field for CsPbBr3@4L-MoS2 at λ=604 nm. 

The results showcase a substantial increase in E2, surpassing the 

results of all previous studies by a significant margin.[60] At these 

wavelengths, the difference in 2 (Δ2) is 12.9 and 9.3 at =604 

and 520 nm, respectively.[58a, 59b] The higher Δ2 at 604 nm 

induces a higher improvement in the electric field enhancement. 

Also, the ideal simulation environment may partly explain this 

exceptional amplification in the electric field.  

Figure 3. (a) Simulated and experimental absorbance spectra of CsPbBr3 and MoS2 (b) simulated absorbance spectra of CsPbBr3@MoS2 with the varied number 

of layers (c) Visualization of the electric field enhancement* of the CsPbBr3@MoS2 as a function of MoS2 layers, for =604 nm and =520 nm and (d)-(f) Simulated 

electric field distribution of CsPbBr3@MoS2 at =604 nm (XY plane is perpendicular to the light source), (d) CsPbBr3, (e) CsPbBr3@1L-MoS2, (f) CsPbBr3@4L-

MoS2. (*Emax is defined as the local maximum absorption at wavelengths 520 and 604 nm for each number of layers 

Indeed, both wavelengths exhibit a substantial E2 enhancement. 

Figure 3 c illustrates a nonlinear increase in the E2 intensity as 

the number of MoS2 layers rises until the fourth layer; beyond this 

point, there is no notable impact. This is because the increase in 

shell size and the decrease in the area-to-volume ratio are 

interconnected, influencing the surface-related nonlinear 

response.[61] Hence, the observed behavior in the core-shell 

system can be attributed to factors such as charge transfer from 

the CB of CsPbBr3 to the CB of MoS2
[62] or other nonlinear optical 

effects like multiphoton absorption.[63] This is because the 

increase in shell size and the decrease in the area-to-volume ratio 

are interconnected, influencing the surface-related nonlinear 

response. 

Solar cell – Current density 

After demonstrating considerable absorption enhancement, we 

simulated the short-circuit current (Jsc) of the solar cells. These 

simulations were done to evaluate the efficiency of CS-NS as an 

absorber. For this, we varied the volume percentage (% v/v) of 

the MoS2 shell from 0% to 20%; here, 0% corresponds to pristine 

CsPbBr3 and 20% to CsPbBr3@4L-MoS2 (Eq. S7). Figure 4 

presents the results of the simulated current density of the core-

shell CsPbBr3@MoS2 as a function of the volume concentration  

of the MoS2 shell.  
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Figure 4. The current density of CsPbBr3@MoS2 core-shell solar cell with MoS2 

volume concentration (% v/v) and the enhancement ratio of Jsc*. The green star 

corresponds to the JSC of the pristine MoS2 || The *enhancement ratio of Jsc is 

defined as the curve slope between two points. 

 

Figure 4 shows that an increase in the volume concentration of 

MoS2 leads to an increase in the short circuit current of the cell- 

Jsc. The Jsc increases steadily with the edition of MoS2, 

demonstrating that the latter significantly improves the 

CsPbBr3@MoS2-based solar cell devices. Moreover, the most 

substantial enhancement in Jsc reached 25.1%, occurring at 20% 

of MoS2. Nonetheless, it is important to emphasize that the most 

significant enhancement ratio in the Jsc sample was achieved in 

the sample with 2v/v% MoS2. The enhanced Jsc can be attributed 

to the greater absorbance of MoS2. Moreover, there might be a 

synergetic effect, where MoS2 serves as the hole conductor, 

whereas the CsPbBr3 is an electron conductor. Thus, the core-

shell structure promotes an efficient charge separation.[64] We 

noticed that the most significant enhancement ratio was between 

a pure CsPbBr3 solar cell and a 2% (v/v) MoS2 core-shell solar 

cell. The high absorption coefficient of MoS2 makes it absorb a 

substantial amount of light even with only four layers; 

subsequently, a minimal amount of MoS2 in solar cells can 

contribute to high device performance at a low cost.  

 

Conclusion 

In summary, we have successfully developed a novel synthetic 

approach for fabricating CsPbBr3@MoS2 core-shell 

nanostructures (CS-NSs) with promising applications in solar 

cells. The CS-NSs exhibit remarkable resilience, remaining intact 

in water for over a week. Structural and morphological analyses, 

including TEM, EDS, and XRD, validate the successful 

encapsulation of CsPbBr3 by MoS2. The CS-NSs showcase their 

exceptional potential for creating unique properties owing to the 

intimate interface formed through the complete coating and close 

attachment. Remarkably, the optical properties analysis reveals 

intriguing interactions between CsPbBr3 and MoS2, providing 

compelling evidence for the efficacy of the hexane/EtAc as a 

synthetic medium. Also, the PL spectra strongly support ligand 

exchange, which is crucial for successful core-shell formation 

where MoS4
2- replaces OA and OLAm ligands, affirmed by 

successful separation through centrifugation. The theoretical 

FDTD simulations also show enhanced responses with an optimal 

MoS2 thickness of 4 layers. Significant electric field enhancement 

(up to 230%) upon introducing MoS2 layers indicates potential for 

improved light absorption and exciton generation. This research 

paves the way for stable, non-toxic hybrid perovskites beneficial 

for solar cells, photocatalysis, and other applications. The findings 

underscore the potential of CsPbBr3@MoS2 for converting solar 

energy, producing renewable energy, and serving as a clean 

source of electricity. 
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