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Abstract

:

All inorganic cesium lead halide (CsPbX3, X = Cl, Br, I) perovskite nanocrystals (PNCs) exhibit promising applications in light-emitting devices due to their excellent photophysical properties. Herein, we developed a low-cost and convenient method for the preparation of CsPbX3 PNCs in a multiligand-assisted reaction system where peanut oil is applied as a ligand source. The mixed-halide PNCs with tunable optical-band gap were prepared by mixing the single-halide perovskite solutions at room temperature. The resulting PNCs had good monodispersity, with dimensions of 8–10 nm, high photoluminescence quantum yield (96.9%), narrow emission widths (15–34 nm), and tunable emission wavelength (408–694 nm), covering the entire visible spectrum. Additionally, various morphologies of PNCs, such as nanospheres, nanocubes, and nanowires, were obtained by controlling reaction temperature and time, and the amount of oleamine with multiple ligands in peanut oil potentially playing a dominant role in the nucleation/growth processes of our PNCs. Finally, the resulting CsPbBr3 PNCs were employed to develop a white light-emitting diode (WLED), demonstrating the potential lighting applications for our method.
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1. Introduction


Over the past decade, organic-–inorganic hybrid perovskite has continuously attracted research attention due to its energy applications [1,2,3,4], which has, in turn, triggered a research boom on the controllable synthesis, photophysical properties, and optoelectronic devices of lead halide perovskite [5,6,7,8,9]. In 2015, Kovalenko et al. successfully synthesized all-inorganic cesium lead halide (CsPbX3, X = Cl, Br, I) perovskite nanocrystals (PNCs) for the first time [10]. Such PNCs possess excellent photophysical properties, such as near-unity photoluminescence quantum yield (PL QY), narrow emission-line widths, and tunable emission wavelength over the entire visible spectral region, all of which indicate their suitability for the fabrication of light-emitting devices [10,11,12,13,14,15,16]. Compared with organic–inorganic hybrid PNCs, all inorganic PNCs have better resistance to moisture and oxygen [17,18,19,20], and have performed favorably in practical applications.



So far, CsPbX3 PNCs have been prepared with a variety of methods [10,21,22,23,24,25,26,27], the most popular being hot injection [10], room-temperature ligand-assisted recrystallization [21], and anion exchange [22,23]. Hot injection is still the most efficient method, with high-reaction temperature and surface passivation employed to synthesize quality and uniform PNCs. In the synthesis process, oleic acid (OA) and oleamine (OAm) are typically used as surface ligands to control the growth of PNCs for a quantum-confinement effect [10]. The composition of PNCs could easily be tuned via anion exchange, which would lead to the emission light covering the whole visible spectrum. Morphological control, however, has always been an important issue in PNC research, as it determines the emission peaks of PNCs and the photophysical properties of their practical applications [28,29,30,31]. The controllable synthesis of PNCs with uniform size and morphology are still greatly needed.



Peanut oil is a kind of edible oil that contains multiple acids. It is not only inexpensive but can also be easily obtained from most grocery shops. In this work, single-halide PNCs were successfully prepared by using more stable and cheaper peanut oil, containing multiple acids instead of the traditional oleic acid. Mixed-halide PNCs with emission wavelengths over the entire visible spectral region could be synthesized by simply mixing single-halide PNCs stock solutions at room temperature. In such a multiligand reaction system, taking cesium lead bromine PNCs as our primary example, various morphologies of PNCs, such as nanospheres, nanocubes, and nanowires, were successfully obtained under different preparation parameters.



The most important difference from previous reports was that multiple organic ligands in peanut oil affect the nucleation/growth process of nanocrystals, resulting in different morphology results compared to the reported works with similar experiment parameters. This opens up a novel and effective route to achieving morphological control, which determines the emission peaks of PNCs and the scope of their practical applications [28,29,30,31]. Moreover, white-light-emitting diodes (WLEDs) can be further fabricated by using green CsPbBr3 PNCs combined with red nitride phosphors and GaN blue chips.




2. Experiment Section


Chemicals: caesium carbonate (Cs2CO3, 99%), lead bromide (PbBr2, 99.999%), lead chloride (PbCl2, 99.99%), lead iodide (PbI2, 99.9%), trioctylphosphine (TOP, 90%), octadecene (ODE, 90%), OA (AR), OAm (80–90%), ethyl acetate (ACS, ≥99.5%) and n-hexane (anhydrous, 98%) were purchased from Aladdin Industrial Corporation, Shanghai, China. A 160 mL bottle of peanut oil was purchased from Diyidian (DYD), Zibo, China. All chemicals were directly used without further purification.



Preparation of Cs (peanut-oil precursor): Cs2CO3 (0.2 g), and peanut oil (10 mL) were loaded into a 50 mL 3-neck flask and dried for 1 h at 130 °C, and then heated under N2 for 2 h at 160 °C. The prepared C–peanut oil solution was stored at room temperature and preheated to 140 °C before injection.



Synthesis of CsPbX3 PNCs: In a typical synthesis, 0.188 mmol PbX2 (0.0523 g PbCl2, 0.069 g PbBr2, or 0.867 g PbI2), OAm (0.5 mL), and ODE (5 mL) were loaded into a 50 mL 3-neck flask and dried under a vacuum for 1 h at 120 °C. 2 mL peanut oil was injected at 120 °C under N2 flow and then heated to 140 °C. Finally, the prepared Cs–peanut oil (0.4 mL) was injected into the solution, and after 1 min, the product was quickly cooled via ice-water bath. We also employed 0.5 mL TOP to promote the dissolution of PbCl2 powders.



Isolation and purification: 15 mL ethyl acetate was introduced into the crude PNC solution, and precipitates containing PNCs were collected by centrifuging the solution at a speed of 11,000 rpm for 6 min and redispersing in 1 mL hexane. After this, a stable colloidal NC solution was formed by centrifuging at 4000 rpm for 4 min, and the precipitates discarded.



Anion-exchange reaction: 50 μL CsPbCl3 PNCs or CsPbI3 PNCs were obtained from a 1 mL colloidal PNC solution and dispersed in 200 μL of hexane. A certain amount of diluted CsPbBr3 PNC solution was then introduced into a CsPbCl3 or CsPbI3 PNC solution to prepare CsPbClxBr3−x or CsPbBrxI3−x PNCs.



WLED fabrication: Green CsPbBr3 PNC powders, red (Sr,Ca)AlSiN3:Eu2+ phosphors, and epoxy resin were mixed via stirring. This mixture was then coated on a GaN blue LED chip, solidified in a vacuum oven at 60 °C for 30 min, and then at 90 °C for 60 min.



Characterization: Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images were collected by using a Tecnai G2 20 U-Twin high-resolution transmission electron microscope with an acceleration voltage of 200 kV. X-ray-diffraction (XRD) patterns of NCs were measured with an Empyrean powder X-ray diffractometer (PANalytical B.V.) using Cu Kα radiation (λ = 0.15418 nm). The Fourier transform infrared (FTIR) spectrum was measured using a VERTEX 70 spectrometer produced by the Bruker Corporation. Absorption spectra were recorded using a Shimadzu UV-3600 spectrophotometer. Photoluminescence (PL) and time-resolved PL spectra were obtained using an Edinburgh FLS920 fluorescence spectrometer. The PLQY of NCs was recorded directly using a spectrofluorometer (FLS920) equipped with an integrating sphere. The electroluminescence (EL) spectra of the WLEDs were measured using a Photo Research spectroradiometer (PR655). All tests were carried out room temperature.




3. Results and Discussion


In this study, single-halide CsPbX3 PNCs were synthesized via a conventional hot-injection method, and slight modification was made according to the work reported by Kovalenko et al. [10]. Our detailed preparation process can be found in the Experiment Section. The resulting CsPbX3 PNCs showed cubic shapes with dimensions of 8–10 nm and had excellent monodispersity, as shown in Figure 1a–c. The size distribution of CsPbCl3, CsPbBr3, and CsPbI3 PNCs can be seen in Figure S1 in the supporting information, with average sizes of 8.36, 9.32, and 8.19 nm, respectively. CsPbX3 PNC solutions exhibited blue, green, and red colors, respectively, under ultraviolet (UV, λ = 365 nm) irradiation (insets shown in Figure 1a–c). HRTEM images (Figure S2) show the high crystallinity of the prepared PNCs. The selected-area electron-diffraction (SAED) pattern (Figure S3) confirmed that CsPbBr3 PNCs possessed the cubic structure of CsPbBr3 crystals with corresponding (110), (200), and (211) planes. XRD patterns were further used to determine the crystal structure of PNCs (Figure 1d). Peaks located at 15.2°, 21.6°, 30.6°, 34.4°, 37.8°, and 43.9° corresponded to (100), (110), (200), (210), (211), and (220) of the CsPbBr3 cubic phase (PDF#54-0752), respectively. The corresponding diffraction peaks of CsPbCl3 and CsPbI3 PNCs shifted to a certain angle at a high or low angle because the ion radius of halogen anions exhibited significant differences [10,21,22,23].



In order to confirm the existence of multiple ligands in CsPbBr3 PNCs synthesized using peanut oil, FTIR measurement of the thick PNC solution was performed (Figure 1e). In the FTIR spectra of the two samples with OA and peanut oil, we could see that the C-H stretching vibrations (1462, 2852, and 2926 cm−1) related to OA ligands are similar [32,33]. Additional absorption bands of the CsPbBr3 prepared with peanut oil at 595.8, 909.2, and 3511.3 cm−1 are ascribed to N-H2 characteristic absorption, which derives from other organic ligand components in peanut oil. According to previous studies, multiple ligands may exert a certain function to adjust the morphology of PNCs [34,35].



The tunable emission peak of PNCs covering the entire visible spectrum can easily be calculated by controlling the ratio of halogen ions [22,23]. Here, mixed-halide PNCs were successfully prepared via anion exchange at room temperature. A series of related absorption and emission spectra are displayed in Figure 2a,b. The exciton absorption and PL emission peaks of the mixed-halide PNCs lay between the positions of CsPbBr3 and CsPbCl3 (or CsPbI3) PNCs when adding a certain amount of the CsPbBr3 solution to the CsPbCl3 (or CsPbI3) solution. The emission peak positions of CsPbClxBr3−x or CsPbBrxI3−x PNCs were continuously red-shifted (408–510 nm) and blue-shifted (510–694 nm) by increasing the amount of added CsPbBr3 PNC solution.



The emission peaks of CsPbCl3, CsPbBr3, and CsPbI3 PNCs were located at 408, 510, and 694 nm, respectively. The resulting PNCs possessed narrow emission widths (15–34 nm) and a tunable emission wavelength (408–694 nm) that shifted from the blue to the red band. Under the irradiation of a UV lamp, the prepared PNCs exhibited strong fluorescence (Figure S4 and inset of Figure 2b), and the PL QY of CsPbBr3 PNCs was as high as 96.9% (Table S1). The origin of the related bands was the near-band-edge emission of PNCs, which corresponded to the band gap of PNCs. One could therefore determine that PNCs do not impart severe midgap trap states [10].



Mixed-halide PNCs retained the cubic morphology of their parent PNCs and still achieved good monodispersity. The average sizes of CsPb(Cl/Br)3 and CsPb(Br/I)3 PNCs were 9.67 and 9.24 nm, respectively (Figure 2c,d). Figure S5 shows the excellent crystallinity of mixed-halide PNCs with peaks at 15.2°, 21.6°, and 30.6° corresponding to (100), (110), (200) of a CsPbBr3 cubic phase (PDF#54-0752). There was no apparent difference between the absorption and PL spectra of CsPbX3 PNCs prepared with OA, and those PNCs were synthesized using peanut oil, indicating that peanut oil was a viable candidate in the preparation of PNCs, but more economical and environmentally stable.



To understand the exciton recombination dynamics of PNCs prepared with peanut oil, the time-resolved PL decay measurement was calculated, as seen in Figure 3. Time-resolved PL curves were described by a bi-exponential decay function (Equation (1)). The fast-decay component (τ1) was relevant to trap-assisted recombination at the defect positions, and the slow-decay component (τ2) was associated with the radiative recombination of the NC host. The proportion (Pi) of different components and the average lifetime (τave) were calculated as in Equations (2) and (3).



The processing results of CsPbCl3, CsPbBr3, and CsPbI3 PNCs are listed in Table S2: τave was in the range of 0.62–69.47 ns. We detected that the proportion of τ1 for CsPbCl3 PNCs was particularly large, and the proportion of τ2 was very small; however, the opposite was true for CsPbI3 PNCs. These results were consistent with previous research [10,14].




A(t) = A1 exp(-t/τ1) + A2 exp(-t/τ2),



(1)






Pi = Aiτi/(A1τ1 + A2τ2),



(2)






τave = (A1τ12 + A2τ12)/(A1τ1 + A2τ2),



(3)





So far, CsPbX3 PNCs with different shapes and sizes have been extensively studied by controlling their corresponding conditions of synthesis [28,29,30,31,34,35,36]. In this work, taking cesium lead bromine PNCs as our primary example, the influence of the experimental parameters on shape control was systematically studied, as an enormous amount of research effort has been expended on CsPbBr3 PNCs; therefore, they are the most representative. The change of halide composition did not affect the morphology of PNCs. Reaction temperature was an important factor to determine the morphology of the resulting products, which was closely related to PNC nucleation and growth.



Here, CsPbBr3 PNCs were prepared using peanut oil at different reaction temperatures, and their distinct morphologies were observed (Figure 4). When crystallization temperature reached 80 °C, the main products were nanorods of 25 nm width and hundreds of nanometers in length; concurrently, there were many small nanocrystals whose dimensions had not changed (Figure 4a). When the reaction temperature reached 110 °C, well-ranged cubic PNCs with 7.7 nm in size and a PL QY of 52.8% were observed, and a small number of nanowires had formed (Figure 4b). At 140 °C, unitary nanocubes with an average grain size of 9.32 nm had formed (Figure 1b). When the reaction temperature rose to 170 °C, nanocubes, nanowires, and nanospheres of mixed morphologies were produced (Figure 4c) that were quite different from the cubic morphology of PNCs prepared using OA. This was mainly because the edible peanut oil possessed multiple ligands (OA, palmitic acid, linoleic acid, etc.) leading to changes in the nucleation and growth processes of the PNCs.



The PL QY of resulting PNCs reached as high as 96.9%. Furthermore, nanocubes and nanospheres of a mixed morphology and with an average dimension of 12.7 nm and PL QY of 91.5% had formed (Figure 4d). On the basis of experiment results as shown above, reaction temperature may have directly affected PNC morphology. The general trend of morphology evolution from a low temperature (80 °C) to high temperature (200 °C) was from nanowires, to nanocubes, and then to nanospheres. The corresponding XRD patterns can be seen in Figure S6, which matched well with the standard CsPbBr3 cubic phase indicated (PDF#54-0752). Since the above morphologies were obtained at different reaction temperatures and at different times, reaction time seemed to also play an important role in regulating the size and shape of PNCs. PNCs with different morphologies displayed different properties that would ultimately meet various application requirements [7].



To further understand the properties of PNCs with different morphologies, the UV-visible absorption, PL, and time-resolved PL spectra were observed. The exciton absorption and PL emission peaks showed a redshift with an increase in reaction temperature from 80 °C to 200 °C (Figure 5a,b). The fluorescence emission peaks of these PNCs could be regulated in the region of 496–518 nm due to the size difference of PNCs synthesized at various temperatures [26]. The corresponding τave first increased from 3.03 to 11.34 ns and then decreased from 11.34 to 6.52 ns with an increase in reaction temperature (Figure 5c).



As can be seen, the proportion of τ1 component related to defect states in the PNCs decreased gradually as a whole (Table S3), which was consistent with the PL QY results of these PNCs. Our results indicate that an increase of reaction temperature was beneficial in the reduction of PNC defects and improved their fluorescence properties.



Next, the effects of reaction time on the morphology and optical properties of PNCs were further studied. The mixed nanostructures of nanowires with a width of 2 nm, length of 50 nm, and nanocubes with an average size of 6.5 nm (Figure 6a) were first formed at 110 °C for 1 min. Up until 10 min in, almost all the PNCs formed were nanocubes with a size of 8.9 nm. When the reaction time was extended to 20 min, the size of the nanocubes further increased to 11.2 nm. With a longer reaction time, the morphology of PNCs changed from nanowires to nanocubes and tended to gradually stabilize. By adjusting the reaction time, the morphology and size of PNCs also had a significant effect on their optical properties (Figure S7). The photographs of the colloidal PNC solution produced at different reaction temperatures and time under UV irradiation are shown in Figure S8.



Surfactant content is also one of the main factors affecting the appearance of PNCs [35]. For CsPbBr3 PNCs prepared using peanut oil, we studied the effect of OAm content on PNC morphology. CsPbBr3 PNCs were prepared at 140 °C for 1 min using different amounts of OAm, and their corresponding appearances are as seen in Figure 7. With the increase of oleamine dosage, PNC morphology changed from nanocubes to nanospheres, and their size decreased from 9.3 to 3.4 nm. This suggested that PNC morphology and size could be effectively tuned by controlling the content of OAm.



The absorption spectra of CsPbBr3 NCs prepared using different amounts of OAm showed a slight blue shift (Figure S9). This was because the quantum-confinement effect of PNCs was enhanced, and the corresponding optical bandgap was increased when the size of a PNC was close to the exciton Bohr radius. Nevertheless, the small size of each PNC could have caused it to become unstable. Strong fluorescence disappeared after preservation for several days in the air when PNCs were prepared with excess OAm, as seen in Figure S10.



The as-synthesized green CsPbBr3 PNCs exhibited excellent luminescent properties, such as ultrahigh PL QY (96.9%) and narrow emission widths, which meet the application requirements of light-emitting devices. For this reason, green perovskite powder was obtained by centrifugal treatment, and images of the resulting powder are as seen in Figure S11. The green perovskite powder was then employed to fabricate WLEDs with red nitride phosphors and GaN blue chips, as shown in Figure S12. The electroluminescence spectrum of the as-fabricated WLED was as seen in Figure 8a: blue, green, and red emission peaks stemmed from LED chips, CsPbBr3 perovskite powder, and nitride phosphors, respectively.



The WLED device exhibited bright white emissions (inset of Figure 8a). The WLED device had Commission Internationale de l’Eclairage (CIE) color coordinates of (0.4050, 0.3985), a color rendering index (CRI) of 81.1, and a color temperature (CCT) of 3529 K (Figure 8b). Consequently, PNCs prepared using peanut oil could have good application prospects in the field of light-emitting devices.




4. Conclusions


In summary, a controllable and low-cost approach was successfully proposed to synthesize CsPbX3 PNCs with different appearances by using peanut oil as a surface ligand. The mixed-halide PNCs with a tunable emission wavelength (408–694 nm) were obtained via anion exchange at room temperature. The experimental parameters (reaction temperature, reaction time, and the amount of OAm) had significant influence over the morphology and optical properties of PNCs; multiple ligand components in peanut oil may also have played a dominant role in the nucleation/growth processes of these PNCs.



This work provides a Convience and novel way to prepare high-quality PNCs, and may be extended to other nanocrystalline materials, which would eventually be beneficial in the application and development of optoelectronic devices.
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The following are available online at https://www.mdpi.com/2079-4991/9/12/1751/s1. Figure S1. Size distribution of (a) CsPbCl3, (b) CsPbBr3, and (c) CsPbI3 perovskite nanocrystals (PNCs) shown in Figure 1. Figure S2. High-resolution TEM images of (a) CsPbCl3, (b) CsPbBr3, and (c) CsPbI3 PNCs. Figure S3. Selected area electron diffraction (SAED) patterns of CsPbBr3 PNCs. Figure S4. Photographs of colloidal PNC solution covering entire visible band under room light (upper) and ultraviolet lamp (bottom). Figure S5: XRD patterns of CsPb(Cl/Br)3 and CsPb(Br/I)3 PNCs prepared by anion exchange. Figure S6: XRD patterns of CsPbBr3 PNCs prepared at different reaction temperatures. Figure S7. (a) Absorption spectra and (b) PL emission spectra of CsPbBr3 PNCs prepared at 110 °C for different reaction times. Figure S8. (a) Photographs of colloidal PNC solution produced at different reaction temperatures under UV irradiation. (b) Photographs of colloidal PNC solution produced at 110 °C for different reaction times under UV irradiation. Figure S9. Absorption spectra of CsPbBr3 PNCs prepared at 140 °C for 1 min using different amounts of OAm. Figure S10. Photograph of colloidal PNC solution produced by excessive amount of OAm after storage in air for five days under UV irradiation. Figure S11: Images of prepared CsPbBr3 PNC powders (a) under room light and (b) under radiation of 365 nm UV light. Figure S12. Image of as-fabricated white light-emitting diode (WLED) device. Table S1. PL QY of CsPbX3 PNC solution with different reaction conditions. Table S2. Fluorescence lifetime and average lifetime for CsPbCl3, CsPbBr3, and CsPbI3 PNCs prepared using peanut oil. Table S3. Fluorescence lifetime and average lifetime for CsPbBr3 PNCs prepared at different reaction temperatures by using peanut oil.





Author Contributions


Methodology, C.C.; software, C.C.; validation, C.C.; formal analysis, C.C. and L.Z.; investigation, C.C. and L.Z.; resources, C.C.; data curation, C.C.; writing—original-draft preparation, C.C.; writing—review and editing, C.C. and L.Z.; supervision, T.S., G.L., and Z.T.




Funding


This work was supported by the National Basic Research Program of China (Project No. 2015CB057205) and the National Science Foundation of China (No. 51775218).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc. 2009, 131, 6050–6051. [Google Scholar] [CrossRef]

	



Lee, M.M.; Teuscher, J.; Miyasaka, T.; Murakami, T.N.; Snaith, H.J. Efficient hybrid solar cells based on meso-superstructured organometal halide perovskites. Science 2012, 338, 643–647. [Google Scholar] [CrossRef]

	



Zhou, H.; Chen, Q.; Li, G.; Luo, S.; Song, T.; Duan, H.; Hong, Z.; You, J.; Liu, Y.; Yang, Y. Interface engineering of highly efficient perovskite solar cells. Science 2014, 345, 542–546. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.S.; Park, B.W.; Jung, E.H.; Jeon, N.J.; Kim, Y.C.; Lee, D.U.; Shin, S.S.; Seo, J.; Kim, E.K.; Noh, J.H.; et al. Iodide management in formamidinium-lead-halide-based perovskite layers for efficient solar cells. Science 2017, 356, 1376–1379. [Google Scholar] [CrossRef] [PubMed]

	



Stranks, S.D.; Snaith, H.J. Metal-halide perovskites for photovoltaic and light-emitting devices. Nat. Nanotechnol. 2015, 10, 391–402. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Shen, S.; Li, M.; Li, L.; Zhang, J.; Fan, L.; Cheng, F.; Li, C.; Zhu, M.; Kang, Z.; et al. Strategies for air-stable and tunable monolayer MoS2-based hybrid photodetectors with high performance by regulating the fully inorganic trihalide perovskite nanocrystals. Adv. Opt. Mater. 2019, 7, 1801744. [Google Scholar] [CrossRef]

	



Amgar, D.; Aharon, S.; Etgar, L. Inorganic and hybrid organo-metal perovskite nanostructures: Synthesis, properties, and applications. Adv. Funct. Mater. 2016, 26, 8576–8593. [Google Scholar] [CrossRef]

	



Zhang, L.; Shen, S.; Li, L.; Zhang, Z.; Liu, N.; Gao, Y. Application and development of cesium lead halide perovskite based planar heterojunction LEDs. J. Inorg. Mater. 2019, 34, 37. [Google Scholar]

	



Shan, Q.; Song, J.; Zou, Y.; Li, J.; Xu, L.; Xue, J.; Dong, Y.; Han, B.; Chen, J.; Zeng, H. High performance metal halide perovskite light-emitting diode: From material design to device optimization. Small 2017, 13, 1701770. [Google Scholar] [CrossRef]

	



Protesescu, L.; Yakunin, S.; Bodnarchuk, M.I.; Krieg, F.; Caputo, R.; Hendon, C.H.; Yang, R.X.; Walsh, A.; Kovalenko, M.V. Nanocrystals of cesium lead halide perovskites (CsPbX3, X = Cl, Br, and I): Novel optoelectronic materials showing bright emission with wide color gamut. Nano Lett. 2015, 15, 3692–3696. [Google Scholar] [CrossRef]

	



Sun, C.; Zhang, Y.; Ruan, C.; Yin, C.; Wang, X.; Wang, Y.; Yu, W.W. Efficient and stable white LEDs with silica-coated inorganic perovskite quantum dots. Adv. Mater. 2016, 28, 10088–10094. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Xu, L.; Zhu, M.; Li, C.; Li, L.; Su, J.; Gao, Y. Pink all-inorganic halide perovskite nanocrystals with adjustable characteristics: Fully reversible cation exchange, improving the stability of dopant emission and light-emitting diode application. J. Alloys Compd. 2019, 152913. [Google Scholar] [CrossRef]

	



Palazon, F.; Di Stasio, F.; Akkerman, Q.A.; Krahne, R.; Prato, M.; Manna, L. Polymer-free films of inorganic halide perovskite nanocrystals as UV-to-white color-conversion layers in LEDs. Chem. Mater. 2016, 28, 2902–2906. [Google Scholar] [CrossRef] [PubMed]

	



Ye, S.; Yu, M.; Zhao, M.; Song, J.; Qu, J. Low temperature synthesis of high-quality all-inorganic cesium lead halide perovskite nanocrystals in open air and their upconversion luminescence. J. Alloys Compd. 2018, 730, 62–70. [Google Scholar] [CrossRef]

	



Meyns, M.; Perálvarez, M.; Heuer-Jungemann, A.; Hertog, W.; Ibáñez, M.; Nafria, R.; Genç, A.; Arbiol, J.; Kovalenko, M.V.; Carreras, J.; et al. Polymer-enhanced stability of inorganic perovskite nanocrystals and their application in color conversion LEDs. ACS Appl. Mater. Interfaces 2016, 8, 19579–19586. [Google Scholar] [CrossRef]

	



Chen, H.; Guo, A.; Gu, X.; Feng, M. Highly luminescent CsPbX3 (X=Cl, Br, I) perovskite nanocrystals with tunable photoluminescence properties. J. Alloys Compd. 2019, 789, 392–399. [Google Scholar] [CrossRef]

	



Loiudice, A.; Saris, S.; Oveisi, E.; Alexander, D.T.L.; Buonsanti, R. CsPbBr3 QD/AlOx inorganic nanocomposites with exceptional stability in water, light, and heat. Angew. Chem. Int. Ed. 2017, 56, 10696–10701. [Google Scholar] [CrossRef]

	



Xuan, T.; Yang, X.; Lou, S.; Huang, J.; Liu, Y.; Yu, J.; Li, H.; Wong, K.L.; Wang, C.; Wang, J. Highly stable CsPbBr3 quantum dots coated with alkyl phosphate for white light-emitting diodes. Nanoscale 2017, 9, 15286–15290. [Google Scholar] [CrossRef]

	



Li, Z.; Kong, L.; Huang, S.; Li, L. Highly luminescent and ultrastable CsPbBr3 perovskite quantum dots incorporated into a silica alumina monolith. Angew. Chem. 2017, 129, 8246–8250. [Google Scholar] [CrossRef]

	



Wei, S.; Zhu, H.; Zhang, J.; Wang, L.; An, M.; Wang, Y.; Zhang, X.; Liu, Y. Luminescent perovskite nanocrystal-epoxy resin composite with high stability against water and air. J. Alloys Compd. 2019, 789, 209–214. [Google Scholar] [CrossRef]

	



Li, X.; Wu, Y.; Zhang, S.; Cai, B.; Gu, Y.; Song, J.; Zeng, H. CsPbX3 quantum dots for lighting and displays: Room-temperature synthesis, photoluminescence superiorities, underlying origins and white light-emitting diodes. Adv. Funct. Mater. 2016, 26, 2435–2445. [Google Scholar] [CrossRef]

	



Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M.I.; Grotevent, M.J.; Kovalenko, M.V. Fast anion-exchange in highly luminescent nanocrystals of cesium lead halide perovskites (CsPbX3, X = Cl, Br, I). Nano Lett. 2015, 15, 5635–5640. [Google Scholar] [CrossRef]

	



Akkerman, Q.A.; D’Innocenzo, V.; Accornero, S.; Scarpellini, A.; Petrozza, A.; Prato, M.; Manna, L. Tuning the optical properties of cesium lead halide perovskite nanocrystals by anion exchange reactions. J. Am. Chem. Soc. 2015, 137, 10276–10281. [Google Scholar] [CrossRef]

	



Zhang, D.; Eaton, S.W.; Yu, Y.; Dou, L.; Yang, P. Solution-phase synthesis of cesium lead halide perovskite nanowires. J. Am. Chem. Soc. 2015, 137, 9230–9233. [Google Scholar] [CrossRef]

	



Tong, Y.; Bladt, E.; Ayggler, M.F.; Manzi, A.; Milowska, K.Z.; Hintermayr, V.A.; Docampo, P.; Bals, S.; Urban, A.S.; Polavarapu, L.; et al. Highly luminescent cesium lead halide perovskite nanocrystals with tunable composition and thickness by ultrasonication. Angew. Chem. Int. Ed. 2016, 55, 13887–13892. [Google Scholar] [CrossRef]

	



Chen, X.; Peng, L.; Huang, K.; Shi, Z.; Xie, R.; Yang, W. Non-injection gram-scale synthesis of cesium lead halide perovskite quantum dots with controllable size and composition. Nano Res. 2016, 9, 1994–2006. [Google Scholar] [CrossRef]

	



Liu, H.; Wu, Z.; Gao, H.; Shao, J.; Zou, H.; Yao, D.; Liu, Y.; Zhang, H.; Yang, B. One-step preparation of cesium lead halide CsPbX3 (X = Cl, Br, and I) perovskite nanocrystals by microwave irradiation. ACS Appl. Mater. Interfaces 2017, 9, 42919–42927. [Google Scholar] [CrossRef]

	



Wang, C.; Zhang, Y.; Wang, A.; Wang, Q.; Tang, H.; Shen, W.; Li, Z.; Deng, Z. Controlled synthesis of composition tunable formamidinium cesium double cation lead halide perovskite nanowires and nanosheets with improved stability. Chem. Mater. 2017, 29, 2157–2166. [Google Scholar] [CrossRef]

	



Akkerman, Q.A.; Motti, S.G.; Kandada, A.R.S.; Mosconi, E.; D’Innocenzo, V.; Bertoni, G.; Marras, S.; Kamino, B.A.; Miranda, L.; De Angelis, F.; et al. Solution synthesis approach to colloidal cesium lead halide perovskite nanoplatelets with monolayer-level thickness control. J. Am. Chem. Soc. 2016, 138, 1010–1016. [Google Scholar] [CrossRef]

	



Chen, M.; Zou, Y.; Wu, L.; Pan, Q.; Yang, D.; Hu, H.; Tan, Y.; Zhong, Q.; Xu, Y.; Liu, H.; et al. Solvothermal synthesis of high-quality all-inorganic cesium lead halide perovskite nanocrystals: From nanocube to ultrathin nanowire. Adv. Funct. Mater. 2017, 27, 1701121. [Google Scholar] [CrossRef]

	



Aharon, S.; Etgar, L. Two dimensional organometal halide perovskite nanorods with tunable optical properties. Nano Lett. 2016, 16, 3230–3235. [Google Scholar] [CrossRef]

	



Kim, Y.H.; Cho, H.; Heo, J.H.; Kim, T.S.; Myoung, N.; Lee, C.L.; Im, S.H.; Lee, T.W. Multicolored organic/inorganic hybrid perovskite light-emitting diodes. Adv. Mater. 2015, 27, 1248–1254. [Google Scholar] [CrossRef]

	



Li, J.; Xu, L.; Wang, T.; Song, J.; Chen, J.; Xue, J.; Dong, Y.; Cai, B.; Shan, Q.; Han, B.; et al. 50-Fold EQE improvement up to 6.27% of solution-processed all-inorganic perovskite CsPbBr3 QLEDs via surface ligand density control. Adv. Mater. 2017, 29, 1603885. [Google Scholar] [CrossRef]

	



Sun, S.; Yuan, D.; Xu, Y.; Wang, A.; Deng, Z. Ligand-mediated synthesis of shape-controlled cesium lead halide perovskite nanocrystals via reprecipitation process at room temperature. ACS Nano 2016, 10, 3648–3657. [Google Scholar] [CrossRef]

	



Almeida, G.; Goldoni, L.; Akkerman, Q.; Dang, Z.; Khan, A.H.; Marras, S.; Moreels, I.; Manna, L. Role of acid-base equilibria in the size, shape, and phase control of cesium lead bromide nanocrystals. ACS Nano 2018, 12, 1704–1711. [Google Scholar] [CrossRef]

	



Ghorai, A.; Midya, A.; Ray, S.K. Surfactant-induced anion exchange and morphological evolution for composition-controlled caesium lead halide perovskites with tunable optical properties. ACS Omega 2019, 4, 12948–12954. [Google Scholar] [CrossRef]








[image: Nanomaterials 09 01751 g001 550] 





Figure 1. (a–c) Transmission electron microscopy (TEM) images of CsPbCl3, CsPbBr3, and CsPbI3 nanocrystals (NCs) prepared at 140 °C for 1 min. Insets are photographs of corresponding colloidal solution under UV irradiation. (d) X-ray diffraction (XRD) patterns of CsPbCl3, CsPbBr3, and CsPbI3 NCs. (e) Fourier transform infrared (FTIR) absorption spectra of CsPbBr3 NCs produced using peanut oil and oleic acid. 
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Figure 2. (a) Absorption and (b) photoluminescence (PL)-emission spectra of CsPbX3 (X = Cl, Br, I) NCs by mixing single-halide perovskite solutions. Inset of (b): photographs of corresponding colloidal solution under UV irradiation. TEM images of (c) CsPb(Cl/Br)3 and (d) CsPb(Br/I)3 NCs prepared via anion exchange. 
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Figure 3. Time-resolved PL decay curves of CsPbCl3, CsPbBr3, and CsPbI3 NCs in hexane. 
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Figure 4. TEM images of CsPbBr3 NCs prepared at varying reaction temperatures: (a) 80 °C for 10 min, (b) 110 °C for 4 min, (c) 170 °C for 30 s, (d) 200 °C for 10 s. 






Figure 4. TEM images of CsPbBr3 NCs prepared at varying reaction temperatures: (a) 80 °C for 10 min, (b) 110 °C for 4 min, (c) 170 °C for 30 s, (d) 200 °C for 10 s.



[image: Nanomaterials 09 01751 g004]







[image: Nanomaterials 09 01751 g005 550] 





Figure 5. (a) Absorption spectra, (b) PL emission spectra, and (c) time-resolved PL decay curves of CsPbBr3 NCs prepared at varying reaction temperatures. 
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Figure 6. TEM images of CsPbBr3 NCs prepared at 110 °C for different reaction times. (a) 1 min, (b) 4 min, (c) 10 min, (d) 20 min. 
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Figure 7. TEM images of CsPbBr3 PNCs prepared at 140 °C for 1 min using different amounts of oleamine (OAm): (a) 0.5 mL, (b) 1 mL, (c) 2 mL, (d) 3 mL. 
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Figure 8. (a) Electroluminescence (EL) spectrum and luminescent image (inset) of as-fabricated white-light-emitting diode (WLED) under a driving current of 20 mA. (b) CIE color coordinates (white circle) of WLED device. 






Figure 8. (a) Electroluminescence (EL) spectrum and luminescent image (inset) of as-fabricated white-light-emitting diode (WLED) under a driving current of 20 mA. (b) CIE color coordinates (white circle) of WLED device.



[image: Nanomaterials 09 01751 g008]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  nanomaterials-09-01751


  
    		
      nanomaterials-09-01751
    


  




  





media/file8.jpg
Absorpion )

g

Nom.PL (as)

“ Wavetength {om)

Wavelongth (am)

Time (ns)





media/file11.png
o 'jz,;
LLeIE
oo 3
7{.?\”?&1:%






media/file6.jpg





media/file1.png
Intensity (a.u.)

-

e/ C3PbBr;
’\—/k\_ A C4PbCl,
= S 1 =

CstBr;, PDF#54-0752
50
20 (degree)

©

Oleic acid o

Intensity (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)





media/file13.png
(a)

50 nm

(b)

50 nm

(©)

50 nm

@

50 nm






media/file10.jpg





media/file7.png





media/file12.jpg
50 nm






media/file9.png
~
=
-’

7

Absorption (a.u.)

'

— 80T
—1107C
—140 C
—170 C
—200 C

~
=2
—

Norm. PL (a.u.)

— 80°C
—110TC
—140C
—170C
——200C

e
Norm. Intensity (a.u.) ~

u
bt I I R S p—

200 500 600 700
Wavelength (nm)

400 450 500 550 600 650 700

Wavelength (nm)

20 60
Time (ns)






media/file14.jpg
=)

EL Intensity (a.u.)

500 600
Wavelength (nm)

700






media/file5.png
= CsPbCl; = CsPbBr;
= CsPbls; —— Fitted

Norm. Intensity (a.u.)

0 20 40 60 80 100
Time (ns)






media/file15.png
o
N’

EL Intensity (a.u.)

(b)

400 600 700
Wavelength (nm)






media/file3.png
~
1=
~

Absorption (a.u.)

~
=3
—

CsPb(Br/T);

500 600 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

< CsPb(Cl/Br),






media/file4.jpg
Norm. Intensity (a.u.)

orw
L S |

= CsPbCl; = CsPbBrs
= CsPbls —— Fitted






media/file0.jpg
100 ni 100 om

@ @[ .
3 3 i P
El 3 i
2| 2 i
5 g _V Oleicacia ¥ ¥ 1 1
= =

ClPLBI’x PDF#54-0752

10 Ed 0 4000 3500 3000 2500 2000 150 1000 500

30 0
26 (degree) Wavenumber (cm™)





media/file2.jpg
Absorption (a.u.) &

CsPb(C1/Br),

)

00 450 500 550 600 650 700
Wavelength (nm)





