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Metal oxides exhibit excellent barrier properties against moisture and oxygen, which are regarded as the powerful candidate for boosting the stability of perovskite nanocrystals (NCs). Here, we develop a simple method to coat perovskite NCs with PbO by peroxides post-treatment. Firstly, the didodecyl dimethyl ammonium sulfide (DDAS) was used to modify the CsPbBr3 NCs (DDAS-CsPbBr3), and then sequentially treated with benzoyl peroxide (BPO). By this way, the self-metal source (lead) can be easily oxidized, leading to the quick growth of lead oxide (PbO) on the surface of individual CsPbBr3 NCs. Under illumination with a 450 nm LED light (175 mW/cm2), the PbO coated CsPbBr3 NCs maintained at ~90% of the initial intensity for 20 h of operations; in contrast, the emission from the CsPbBr3 NCs completely quenched.
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INTRODUCTION

All inorganic cesium lead halide (CsPbX3, X = Cl, Br, and I) perovskite nanocrystals (NCs) are promising materials for optoelectronic applications (Zhang et al., 2018; Juang et al., 2019; Papagiorgis et al., 2019), especially for light emitting because of their optically tunable band gap and excellent photoluminescence quantum yields (PLQY). In spite of the excellent merits of the perovskite NCs in various fields, the applications of perovskite NCs are impeded by several issues with regard to their stability. Perovskite NCs are highly sensitive to polar solvents due to their inherent ionic nature. Surface ligands and even structural integrity may be lost in the polar solvents, such as ethyl alcohol and water (Kim et al., 2015; Li X. et al., 2017). In addition, environmental stresses, such as light, oxygen, and moisture, could make harmful effects on their performance, because these external conditions accelerate the rates of oxidation and hydration, which lead to the photoluminescence quenching (Zhang et al., 2018; Zhang et al., 2018; Wei et al., 2019). Therefore, poor stability under operational conditions remains a great challenge for practical applications (Yang et al., 2016). To date, a variety of strategies have been developed toward stable perovskite NCs. For example, strong binding ligands, such as didodecyl dimethyl ammonium bromide (Li Z. et al., 2017) and 2,2′-Iminodi benzoic acid (Pan J. et al., 2017) were introduced to enhance the stability of perovskite NCs. Incorporation into stable materials, such as silica (Liu et al., 2018), silica/alumina monolith (Li Z. et al., 2017), polymer (Wu et al., 2019), and graphene oxide matrix (Pan A. et al., 2017) are another major direction to stabilize perovskite NCs. Unfortunately, the existing insulating barrier layer and relatively large size of the resultant integrated composites make them not well-suitable for many optoelectronic and bio-imaging applications. As well-known, coating oxide is a powerful approach to improve the stability of conventional quantum dots (QDs). However, the direct growing of oxides on CsPbBr3 NCs is quite challenging because of the lattice mismatch of two kinds of materials.

Metal, for example, steel or aluminum, which are immersed into the strong oxidizers, such as nitric acid and sulfate acid, a very dense oxidation layer can be formed quickly, which could prevent rusting of steel products and improve its service life by blocking the intrusion of water vapor, oxygen and other corrosive substances (Uhlig and O'Connor, 1955; Jovanovic and Hackerman, 1998; Robin et al., 2008). In the field of QDs, oxidant-hydrogen peroxides have been using to improve the luminescent properties of quantum dots. Lee et al. treated CdS QDs with hydrogen peroxide and formed CdSO4 on the surface of QDs, which increased the radiation recombination rate of CdS QDs and improved their luminous efficiency (Lee et al., 2012). Klyuev et al. prepared CdS QDs in gelatin, followed by hydrogen peroxide treatment, and found that the QDs size became smaller and CdO appeared on the surface (Klyuev et al., 2017). Liu et al. used hydrogen peroxide as an etchant to prepare QDs of different particle sizes (Liu et al., 2008). Under mild oxidative conditions, the yellow-emitting CdSe QDs (546 nm) can be converted into blue-emitting CdSe QDs (466 nm), which provides a simple and fast method for preparing small-diameter CdSe QDs. However, there is no report that the related oxidant improves the stability of CsPbBr3 NCs by oxidation.

Inspired by the fact that oxidants promote the formation of oxide protective films on metal surfaces, we treated CsPbBr3 NCs with oxidizing agents, which is expected to improve their stability. However, hydrogen peroxide is insoluble in the CsPbBr3 NCs toluene solution. Therefore, it is necessary to select a suitable oxidizing agent, which has good solubility in toluene. Benzoyl peroxide (BPO) is a strong oxidant that contains weak oxygen-oxygen linkages that release reactive oxygen when heated. In the polymerization reaction, polymerization is induced as an initiator (Raeesi et al., 2017). At the same time, low concentrations of BPO solutions are commonly used in clinical medicine, and their oxidative properties can effectively treat acne and powder (Thiboutot et al., 2008). In addition, BPO has good solubility in toluene, and it can form a uniform system with CsPbBr3 NCs toluene solution, which is beneficial to the oxidation reaction. Therefore, BPO is chosen here as an oxidant to treat CsPbBr3 NCs, and PbO is formed on the surface, which resists the corrosion of water vapor and oxygen, and endows the CsPbBr3 NCs with excellent phototability.



MATERIALS AND METHODS


Chemicals

Cesium carbonate(Cs2CO3, 98%), lead bromide(PbBr2, 98%), sodium sulfide nonahydrate (Na2S·9H2O, 98%), oleylamine(OAm, 90%), didodecyl dimethylammonium bromide (DDAB, Aladdin, 98%), and 1-octadecene (ODE, Aladdin, 90%) were purchased from Aladdin Reagent Co. Oleic acid(OA, 90%) was purchased from Sigma-Aldrich Co. Benzoyl peroxide(BPO, C14H10O4, 98%) was purchased from Beijing Bailingwei Technology Co., Ltd. Methyl acetate(98%) was purchased from Sinopharm Chemical Reagent Co., Ltd.



Preparation of Cs-oleate

Ten millimolar Cs2CO3 20 mL OA, and 20 mL ODE were loaded into a 100 mL three-necked flask, then was degassed at 120°C for 30 min. Subsequently, the temperature was raised to 150°C under the N2 protection and a transparent solution was formed, and then the heat source was removed to allow the temperature of the system to fall to room temperature. The concentration of Cs-oleate (CsOA) was 0.5 mmol/mL, which was stored as a stock solution.



Preparation of CsPbBr3 Nanocrystals

Two millimolar of PbBr2, 20 mL of ODE, 5 mL of OA, and 5 mL of OAm were placed in a 100 mL three-necked flask, and the reaction system was dried under vacuum at 120°C for 30 min, during which N2 was introduced several times. Then, the temperature was raised to 180°C under the N2 protection state, and a preheated (70°C) 1 mL of CsOA solution was quickly injected immediately after the formation of the transparent solution. After 10 s, the flask was placed in an ice water bath to be cooled. The CsPbBr3 NCs were extracted and washed with toluene and methyl acetate, and then the CsPbBr3 NCs were dissolved in 20 mL of toluene and stored as a stock solution. The concentration is about 15 mg/mL.



Preparation of DDAS Solution

0.75 mmol of DDAB and 15 mL of toluene were mixed and then treated with sonication for 20 min, marking as solution A. 0.75 mmol of Na2S·9H2O was dissolved into 15 mL of distilled via the similar method, marking as solution B. Then, A solution was mixed with the B solution and sonicated for 0.5 h. The mixed solution was centrifuged at 10,000 rpm for 1 min, and the upper layer of toluene solution was taken to obtain a DDAS solution at a concentration of 0.05 mmol/mL, which was stored as stock solution.



Preparation of BPO Toluene Solution

One millimolar of BPO was add into 10 mL of the toluene, and then was sonicated for 1 h. The BPO toluene solution (0.1 mmol/mL) was obtained.



BPO Peroxidation of DDAS Treatment of CsPbBr3 NCs

Firstly, the CsPbBr3 NCs were treated with BPO toluene solution at 70°C for 1 h (DDAS-CsPbBr3 NCs). Subsequently, the BPO was injected by adjusting the speed of the syringe pump, the mount depended on the concentration of CsPbBr3 NCs, and the reaction was proceeded at 70°C. After 2 h, the solution was cooled down to room temperature, and then washed three times with methyl acetate and toluene, and stored in toluene (BPO-DDAS-CsPbBr3).



Photostability Test

The absorbance of NCs was adjusted to 1.8 at 450 nm, and the same volume of solution was added to the closed cuvette. We performed photostability tests of NCs on a blue LED module with 0.175 W/cm2 light intensity (peak at 450 nm, Philips Fortimo).The fluorescence spectrum of the sample was collected at a certain time interval, the PL ratio was obtained by calculating the ratio of the area of the corresponding fluorescence spectrum with the initial fluorescence spectrum.




RESULTS AND DISCUSSION


BPO Direct Peroxidation of CsPbBr3 NCs

Initially, BPO toluene solution was directly added to a CsPbBr3 NCs solution using a syringe pump for oxidation. As shown in Figure 1, as the reaction time prolonged, the color of the CsPbBr3 NCs solution gradually changed from green to pale yellow, accompanying by fluorescence quenching (Figure S1B). In addition, it was observed that there existed the aggregation of CsPbBr3 NCs after BPO treatment in the Figure 2, which indicated that ligands deriving from the CsPbBr3 NCs were peeled. Thus, some CsPbBr3 NCs grew into the larger nanocrystals, which led to the variation of the morphology. Meanwhile, a new phase corresponding to the structure (JCPDS 25-0211) was observed after BPO treatment (Figure S2), this phenomenon manifested that CsPbBr3 NCs underwent the phase change.


[image: Figure 1]
FIGURE 1. Photographs of CsPbBr3 NCs and BPO oxidized CsPbBr3 NCs at different time.



[image: Figure 2]
FIGURE 2. TEM images of CsPbBr3 NCs (A,B) and BPO oxidized CsPbBr3 NCs (C,D, 120 min) with different magnifications.




BPO Peroxidation DDAS Treated CsPbBr3 NCs

When BPO was directly applied to oxidize CsPbBr3 NCs, although photostability is slightly improved (Figure S1A), the fluorescence intensity is reduced. Therefore, it is urgent to increase the tolerance of CsPbBr3 NCs for the BPO. As we known, the unpurified CsPbBr3 NCs contain a large number of ligands in their solution and have good protection for NCs. Thus, the unpurified CsPbBr3 NCs were oxidized by BPO and their photostability was tested. As shown in Figure S3, the unpurified CsPbBr3 NCs were oxidized, and their photostability was improved, but the extent of improvement was very limited. Therefore, it is necessary to further improve the tolerance of CsPbBr3 NCs for the BPO.

Related literature reported that DDAS could improve the stability of CsPbBr3 NCs (Li Z. et al., 2017). Therefore, DDAS is used to treat CsPbBr3 NCs (DDAS-CsPbBr3) firstly, which improves their resistance to BPO oxidation treatment and maintains excellent photoluminescence of CsPbBr3 NCs. As shown in Figure 5, the fluorescence intensity of CsPbBr3 NCs was enhanced by DDAS treatment for 1 h (Figure S4), which did not affect the fluorescence efficiency of CsPbBr3 NCs. Subsequently, the BPO toluene solution was injected, and CsPbBr3 NCs were oxidized at 70°C for 2 h. The solution was cooled down to the room temperature, then purified the BPO oxidized CsPbBr3 NCs (BPO-DDAS-CsPbBr3). As shown in Figure S5, the fluorescence intensity and peak position of the CsPbBr3 NCs almost underwent no change during the oxidation process, and the excellent luminescence properties are maintained, and the solution appears bright green (Figure 3).


[image: Figure 3]
FIGURE 3. Photographs of CsPbBr3 NCs, DDAS-CsPbBr3 NCs, and BPO-DDAS-CsPbBr3 NCs.




Characterization of BPO-DDAS-CsPbBr3 NCs

As shown in Figure 4A, the BPO-DDAS-CsPbBr3 NCs showed good photostability. Among them, 0.050 mmol of DDAS treated CsPbBr3 NCs showed the best photostability after BPO oxidation. After the illumination of 20 h, the fluorescence intensity is 90% of the initial value, while the CsPbBr3 NCs were almost completely quenched. At the same time, DDAS can also improve the photostability of CsPbBr3 NCs. In addition, the effect of BPO concentration on the photostability of NCs was investigated. In Figure 4B, although 0.125 mmol of BPO treated DDAS-CsPbBr3 NCs improved their stability, they were much lower than 0.250 mmol of BPO oxidized DDAS-CsPbBr3 NCs, perhaps due to insufficient oxidation of 0.125 mmol of BPO. In addition, when the BPO was 0.375 mmol, the DDAS-CsPbBr3 NCs were excessively oxidized; destroying the structure of the NCs, and the solution showed a pale yellow color and became turbid (Figure 5).


[image: Figure 4]
FIGURE 4. (A) Photostability of the CsPbBr3 NCs, DDAS-CsPbBr3 NCs (0.050 mmol DDAS treatment), and 0.250 mmol BPO oxidized DDAS-CsPbBr3 NCs with different DDAS treatment. (B) Photostability of the different BPO oxidized DDAS-CsPbBr3 NCs (0.050 mmol DDAS treatment).
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FIGURE 5. Photographs of CsPbBr3 NCs, BPO (0.250 mmol)-DDAS-CsPbBr3 NCs, and BPO (0.375 mmol)-DDAS-CsPbBr3 NCs.


At the same time, the morphological changes of CsPbBr3NCs were characterized by TEM. As shown in Figure 6, the morphology and size of CsPbBr3 NCs did not change significantly after DDAS treatment and BPO oxidation. The average particle size was 8.2, 8.4, and 8.5 nm, respectively. This indicates that the DDAS treatment improves the resistance of CsPbBr3 NCs for the BPO treatment, and they are not etched by proper BPO during oxidation. The photostability is improved while maintaining the initial morphology and excellent luminescence performance. In addition, we measured the lattice spacing of the CsPbBr3 NCs, DDAS-CsPbBr3 NCs, and BPO-DDAS-CsPbBr3 NCs. As shown in Figure S6, lattice spacing of all the samples is about 0.30 nm corresponding to the (200) crystal faces of the CsPbBr3 NCs. These results confirm that the BPO treated CsPbBr3 NCs do not have significant tendency of lattice change. At the same time, the PLQY of CsPbBr3 NCs is 70%, the DDAS treatment is increased to 81%, and the PLQY of BPO-DDAS-CsPbBr3NCs is 78%. It is proved once again that DDAS does improve the tolerance of CsPbBr3 NCs for the BPO treatment.


[image: Figure 6]
FIGURE 6. TEM images of CsPbBr3 NCs (A,B), DDAS-CsPbBr3 NCs (C,D), and BPO-DDAS-CsPbBr3 NCs (E,F) with different magnification.


In addition, as shown in Figure S7, the fluorescence peak position of the BPO-DDAS-CsPbBr3 NCs is redshifted by 2 nm compared to the CsPbBr3 NCs. However, as shown in Figure 6, the size of CsPbBr3 NCs are about 8.2 nm, which really exceed in the Bohr radius (Butkus et al., 2017). Therefore, the redshift of the peak position was not caused by the change in the particle size. This may be due to the fact that the electrons or holes of the CsPbBr3 NCs escape into the formed oxide, resulting in the above phenomenon and the same phenomenon is observed in the CdO-coated CdSe/CdZnS quantum dots (Cho et al., 2017).

The CsPbBr3 NCs solution, DDAS-CsPbBr3 NCs solution, and BPO-DDAS-CsPbBr3 NCs were added dropwise to the quartz glass plate, and then dried to form a film for the XRD test. The spectrum are shown in Figure 7A, wherein the (200) crystal plane of the samples were normalized. All the samples corresponded to the cubic perovskite structure (JCPDS 54-0752), with all crystal planes of the perovskite structure appearing, i.e., (100), (110), (200), (210), (211), and (220) crystal planes. Taking the (200) crystal plane as the reference standard, the three samples had similar half-widths, indicating that the particle size of the CsPbBr3 NCs did not change significantly.


[image: Figure 7]
FIGURE 7. (A) XRD patterns of CsPbBr3 NCs, DDAS-CsPbBr3 NCs, and BPO-DDAS-CsPbBr3 NCs. (B) FTIR spectra of the CsPbBr3 NCs, DDAS-CsPbBr3 NCs (0.050 mmol DDAS treatment), and 0.0250 mmol BPO oxidized DDAS-CsPbBr3 NCs with different DDAS treatment.


As shown in Figure 7B, the FITR of all BPO-DDAS-CsPbBr3 NCs showed a new absorption peak at 1,023 cm−1 compared to CsPbBr3 NCs and DDAS-CsPbBr3 NCs, corresponding to the vibration mode of Pb-O (Alagar et al., 2012; Nouri et al., 2017). It is indicated that PbO is formed on the surface of DDAS-CsPbBr3 NCs after BPO oxidation, which resists the corrosion of water vapor and oxygen to quantum dots, giving the CsPbBr3 NCs the excellent photostability. Furthermore, the absorption peak at 1,152 cm−1 corresponds to the asymmetric stretching vibration mode of [image: image] (Lane, 2007; Periasamy et al., 2009), which indicates that S2− form the DDAS is oxidized to [image: image].

In order to further confirm that PbO is formed on the surface of DDAS-CsPbBr3 NCs after BPO oxidation, XPS spectra were also performed to analyze the surface change. As shown in Figure 8A, the Pb 4f spectra of DDAS-CsPbBr3 NCs and BPO-DDAS-CsPbBr3 NCs can be deconvoluted into two peaks, respectively. The binding energy at142.9 eV (142.8 eV) and 138.6 eV (138.0 eV) can be assigned to the Pb atoms of CsPbBr3 NCs (Cai et al., 2018). In addition, the peaks at 143.1 eV and 138.2 eV could be attributed to the presence of Pb-S (Kong et al., 2017), which derived from the DDAS-CsPbBr3 NCs. The peaks located at 142.9 and 138.1 eV were associated with the Pb-O (Rondon and Sherwood, 1998). But, it is difficult to distinguish from the spectra of Pb-O and the Pb-S, because it seems that their spectra are close to each other. Meanwhile, the peak at 532.1 eV is assigned to the C = O group arising from the residual OA of the BPO-DDAS-CsPbBr3 NCs in Figure 8B (Zherebetskyy et al., 2014). Furthermore, the O 1s peak of BPO-DDAS-CsPbBr3 NCs was deconvoluted into two peaks with the binding energies of 532.1 and 530.8 eV. The peak at 530.8 eV is possibly attributed to oxygen in the Pb-O of PbO (Huang et al., 2017), which confirmed that the PbO was formed on the surface of DDAS-CsPbBr3 NCs after BPO oxidation. Therefore, on the basis of aforementioned analyses, it can be concluded that the improved stability of CsPbBr3 NCs is attributed to the protective layer of PbO.


[image: Figure 8]
FIGURE 8. (A) Pb 4f and (B) O 1s XPS spectra of DDAS-CsPbBr3 NCs and BPO-DDAS-CsPbBr3 NCs.





CONCLUSIONS

In summary, DDAS is firstly used to treat CsPbBr3 NCs, following by BPO oxidation treatment to generate PbO on the surface of CsPbBr3 NCs. The compact PbO acts as robust protective layer to prevent the NCs from the attack of oxygen and moisture. Therefore, CsPbBr3 NCs exhibit stronger photostability under illumination. We believe that this strategy represents a universal approach to improving the stability of NCs in optoelectronic applications.
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