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Abstract

Inorganic lead halide perovskite quantum dots (PQDs), especially red emission PQDs, are well-

known to easily lose their luminescence emission with time, which shows from strong emission of 

fresh PQDs to no emission of aged PQDs. Here, we demonstrate that trioctylphosphine (TOP) can 

effectively and instantly recover the luminescence emission of aged red PQDs, making the “dead” 

PQDs “reborn”. Furthermore, TOP also works to improve the emission intensity of freshly 

synthesized PQDs. In this process, TOP does not make any detectable structural changes to PQDs. 

Besides, TOP can effectively enhance the stability of PQDs against long-term storage, 

temperature, UV irradiation, and polar solvents. This unusual emission recovery and stability 

enhancement by TOP shall promote the understanding of particle surface conditions and the 

development of PQD devices.
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Recently, all-inorganic perovskite quantum dots (PQDs) of cesium lead halide (CsPbX3, X = 

Cl, Br, I) have attracted increasing attention as a new class of fluorescent materials with a 

great potential for optoelectronic applications such as light-emitting diodes,1–5 

photodetectors, 6,7 single-dot spectroscopy,8–11 and lasers.12,13 PQDs have high 

photoluminescence quantum yields (PLQYs) and extremely narrow emission bands, and 

their emission can be easily tuned over the entire visible spectral region by controlling the 

composition and size14.

However, PQDs generally have poor stability against many ordinary factors, such as 

humidity, air, and temperature. A few methods have been proposed to enhance their stability. 

For example, PQDs could be embedded in organic polymer matrixes, poly(methyl 

methacrylate),15 or polystyrene,16 for good processability and stability. Zhang’s group 

reported a silica coating of PQDs, and the coated PQDs (powder and gel) were stable in 

ambient for an extended time.17,18 All of those methods produced stable PQD block 

materials. Compared to the classical chalcogenide QDs, PQDs are more ionic in nature, and 

the ligands binding to the PQDs’ surface are highly dynamic and labile.19,20 Even stored in 

solution under inert gas to avoid the influences from water vapor, and air, the PQD’s 

photoluminescence still gradually decreases and finally is completely gone with time. Such 

aged PQDs without fluorescence are regarded useless for any optoelectronic applications. In 

a recent report,21 Alivisatos and colleagues used thiocyanate salts (NaSCN and NH4SCN) to 

treat the aged CsPbBr3 PQDs. This treatment improved the PLQY of the aged PQDs from 

63 to 100%. This recovery presented an important advance to the understanding of the 

surface chemistry of PQDs. Besides, this treatment worked effectively on both of the freshly 

synthesized and the aged CsPbBr3 PQDs. However, it did not exhibit any effect on 

CsPbBrxI3-x PQDs.

We found that when trioctylphosphine (TOP) was added into the aged CsPbBr1.2I1.8 PQD 

solution (lost most or all of its fluorescence emission) its fluorescence was instantly 

recovered. As shown in Figure 1a, a fresh PQD solution was red under daylight and had 
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strong red emission under 365 nm UV light. With time, the solution color gradually turned 

dark and the fluorescence emission decayed. After 15 days, the solution became brown and 

the fluorescence emission could not be visually seen under 365 nm UV light (aged PQDs). 

Nonetheless, when a little TOP was added into the aged PQD solution, the solution 

immediately turned back to red under daylight and exhibited strong red emission again 

under UV light. It is quite exciting to see the “dead” PQD’s instant rebirth. Even after the 

fresh PQDs were aged for more than 60 days in air, the emission still could be restored 

instantly with a little TOP. Detailed characterizations found that when TOP was introduced 

the emission wavelength red-shifted 7 nm and the fwhm narrowed from 46 to 36 nm 

compared to the aged PQDs (Figures 1b and S1). However, as shown in Figures 1c and S2, 

the absorption spectra had no obvious change. In Table 1, after 15 days, the PL intensity 

(aged) decreased to only 2.1% of its fresh state. When 20 μL of TOP was added into the 

aged PQD solution, the PL intensity was immediately back to 54.8% of the original intensity 

of its fresh state; with more TOP added, the PL intensity kept increasing and then leveled off 

at 110% of that of fresh PQDs when 80–120 μL TOP was added.

The effect of TOP on the fresh PQDs was also examined. When a different amount of TOP 

was added into the fresh PQD solution, the solution color became brighter under daylight 

and the fluorescence emission was stronger, a similar trend as the aged PQDs (Figures 2a, 

2b). There was almost no change to the emission peak position with the addition of TOP 

(Figure 2c). The absorption spectra also did not change much (Figure 2d). Therefore, TOP 

only improved the PL intensity and retained the other optical properties for the fresh PQDs. 

The solid-state results were also observed and are shown in Figure S3. With the addition of 

TOP, the solid film of aged PQDs showed strong red emission again and the fresh PQDs film 

exhibited no obvious emission change.

To further investigate these phenomena, the PL lifetimes of the samples were measured. 

Time-resolved PL decays of aged PQDs, aged PQDs/TOP, fresh PQDs, and fresh 

PQDs/TOP are shown in Figure 3a. For aged PQDs, the average PL lifetime was 32.5 ns, 

and it became 51.9 ns for aged PQDs/TOP. The lifetimes were 41.5 and 61.8 ns for fresh 

PQDs and fresh PQDs/TOP. The instrument response function is shown in Figure S4. It was 

found that the lifetimes of PQDs after TOP treatment became longer than those before TOP 

treatment. It is well-known that surface defects have a great influence on the exciton 

lifetimes of quantum dots. Surface defects can be nonradiative surface states and then result 

in shorter exciton lifetimes.22 In many reports about PQD treatment, the PL lifetimes 

became longer after treatment, accompanied by increased PLQYs, which was attributed to 

the surface passivation.21,23,24 Therefore, in our work, the longer PL lifetimes indicated that 

TOP could effectively remove the surface defects and prevent the formation of nonradiative 

recombination pathways on the surface of PQDs, which led to enhancement of the PL 

intensity.

The long-term storage stability of PQDs, fresh PQDs/TOP, and aged PQDs/TOP was 

inspected. All of the samples were stored under N2 protection. As shown in Figure 3b, the 

PL intensity of fresh PQDs decreased with time. Oppositely, the PL intensities of fresh and 

aged PQDs/TOP remained stable for 2 weeks. In fact, their PL intensities and emission peak 
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positions still showed no change after 6 weeks. It indicated that TOP could effectively 

enhance the optical and colloidal stability of PQDs in solution.

The thermal stability of fresh PQDs, fresh PQDs/TOP, and aged PQDs/TOP was also 

investigated (Figure 3c). Both of the PL intensities of the fresh PQDs and fresh PQDs/TOP 

decreased as the temperature rose. When the temperature reached 90 °C, the PL intensity of 

fresh PQDs/TOP decreased to 43% of the initial intensity, while it dropped to 16% for the 

fresh PQDs. When the temperature returned to room temperature, the PL intensity of fresh 

PQDs/TOP resumed to 93% of the initial intensity, while it was back to only 39% for fresh 

PQDs. The thermal circulation process was also performed, and no obvious intensity 

recession was observed (Figure S5). It indicated that TOP could effectively enhance the 

thermal stability of PQDs in solution.25–28 To further investigate the heat resistance of the 

TOP effect to PQDs, a harsher condition was applied. Sealed fresh PQDs and fresh 

PQDs/TOP toluene solutions were kept in boiling water for 30 min. As shown in Figures S6 

and S7, the fresh PQDs lost fluorescence while the PQDs/TOP still exhibited strong red 

emission after this harsh heat process.

With constant irradiation under 365 nm UV light for 12 h, the PL intensity of fresh PQDs 

continuously decreased. However, the aged PQDs/TOP and fresh PQDs/TOP exhibited 

differently. The PL intensity of fresh PQDs/TOP first increased by 28% (this could be 

attributed to photoactivation) and then maintained (Figures 3d and S8). This indicated that 

TOP could effectively protect the PQDs from UV irradiation.

Besides the poor stabilities against temperature, UV irradiation, and long-term storage, 

PQDs are also sensitive to polar solvents and their high optical performance decreases 

because of their ionic nature,29–31 which further limits their applications. We found that the 

existence of TOP could also effectively improve the stability of PQDs with polar solvents. 

The PL behavior of fresh PQDs and fresh PQDs/TOP toluene solutions with different 

amounts of ethanol was monitored. As shown in Figure 3e, the PL intensity of the fresh 

PQDs decreased to 19.7% of the initial intensity when 40 μL of ethanol was added; 

furthermore, the PL nearly disappeared after 400 μL of ethanol was added. This expected 

emission decline can be clearly seen from the photos under daylight and UV light in Figure 

S9. However, the fresh PQDs/TOP exhibited very differently. The PL intensity had no 

change with 40 μL of ethanol added (Figure 3f). When the ethanol amount was up to 400 

μL, the PL intensity still had no obvious change and the solution showed strong red emission 

(Figure S9). The PL intensity of the aged PQDs/TOP also exhibited better stability than 

fresh PQDs with the addition of ethanol (Figure S10). Therefore, TOP could effectively 

enhance the stability of PQDs with polar solvents.

In the molecular structure of TOP, phosphorus is the atom that may interact with the PQD 

particles. To further investigate this enhancement effect, two other phosphorus-containing 

molecules with similar molecular structures, tributylphosphine and triphenylphosphine, were 

tested. These two molecules both showed similar PL intensity enhancement to TOP for aged 

and fresh PQDs, but their long-term stabilities were both lower than that of TOP, and a 

precipitate was observed after 24 h with triphenylphosphine. The groups and the length of 

Wang et al. Page 4

J Phys Chem Lett. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the carbon chains attached to phosphorus have important influence on the PQD’s colloidal 

stability, which was consistent with the literature.32

The fresh PQDs and fresh PQDs/TOP solutions were centrifuged, and the obtained solid 

PQDs (precipitates) were directly used to for a few characterizations. TEM and X-ray 

diffraction (XRD) were performed to investigate the TOP effect. As shown in Figure 4a, the 

fresh PQDs were cubic with an average size of 14.5 ± 2.1 nm. The fresh PQDs/TOP also 

showed cubic shape, and the average size was 13.7 ± 1.7 nm. The HR-TEM images were 

obtained, and we found that the lattice spacing was the same with or without TOP treatment 

(Figure S11). It indicated that TOP did not make any obvious change to the morphology and 

particle size. The peak positions of the XRD spectrum of the fresh PQDs/TOP were the 

same as those of fresh PQDs (Figure 4b). Therefore, we believe that TOP did not make any 

structural changes to PQDs.

Furthermore, we also performed IR, 31P NMR, and XPS studies to further reveal what roles 

TOP played on the PQD surface. As shown in Figure 4c, the IR spectra of fresh PQDs and 

fresh PQDs/TOP were almost the same. We did not find the signatures related to TOP in 

fresh PQDs/TOP. 31P NMR analysis also confirmed no TOP bound to the aged or fresh 

PQD’s surface after TOP treatment (Figure S12). When TOP was mixed with PQDs in 

hexane, its chemical shift was the same as that of pure TOP in hexane. After being 

centrifuged, the PQDs from the PQDs/TOP solution did not have the NMR signature of P. 

These results were different from other treated-PQD reports that the ligands were usually 

bound to the surface of PQDs.24,33,34 X-ray photoelectron spectroscopy (XPS) was carried 

out on the PQDs from the PQDs/TOP solution, and there was no P signature found, which 

could further support the IR and 31P NMR results (Figure S13). The XPS analysis also 

revealed no significant changes in element compositions (Cs, Pb, Br, and I) of the PQDs 

with or without TOP treatment. The ratios of Pb:(Br+I) were the same for the aged and fresh 

PQDs with or without TOP treatment. Additionally, the high-resolution spectra of the Pb 

4f7/2 and Pb 4f5/2 also exhibited no change (Figure 4d).

Generally, inorganic lead halide perovskite materials are regarded with high defect tolerance, 

which may come from their ionic nature or the orbital composition of the energy bands.35,36 

However, quite a few publications argued the influence of surface defects on the PL 

multicomponent decay kinetics of PQDs.10,14,15 In Alivisatos’s work,21 the PLQY 

improvement after treatment was attributed to the removal of excess lead from the surface of 

CsPbBr3 PQDs. TOP was also reported to remove the excess Se on the surface of CdSe QDs 

and made the QDs activated.37 However, there were no significant changes in element 

compositions (Cs, Pb, Br, and I) of the PQDs with or without TOP treatment in our work. 

TOP can be used as both a surfactant and a solvent for nanoparticle synthesis. It can dissolve 

the precursors and control the size, morphology, and stability of the nanoparticles.38–42 On 

the basis of these facts, we rationalize that in our case TOP effectively promoted some ions 

to migrate on the PQD surface to repair existing surface defects for better emissions.21 This 

ion migration should also increase the various stabilities of PQDs when they have perfect 

surface conditions. Considering the very fast interparticle halogen ion exchanges among 

CsPbBr3 and CsPbI3 PQD particles in solution,43–45 our assumption for quick ion migration 

on the particle surface is reasonable.
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Finally, we tested the TOP-treated PQDs for light-emitting devices (LEDs). A blue light 

emission chip (460 nm) was used to prepare PQD LEDs. The LEDs showed strong red 

emission with a peak wavelength of 640 nm and a fwhm of 30 nm, as shown in Figure 5a. 

The CIE color coordinates of the LEDs were (0.6948, 0.2965) (Figure 5b). The luminance of 

the LEDs was measured against the working time. As shown in Figure 5c, the LED’s 

luminance from untreated PQDs continuously decreased with time. After the LED worked 

150 min, its luminance reduced to 52% of its original value (104 versus 200 cd·m−2). 

However, the PQDs/TOP LED exhibited no change in 150 min. Therefore, the LEDs based 

on TOP-treated PQDs exhibited great stability. Furthermore, the maximum luminance of 

TOP-treated PQD LEDs reached 2321 cd·m−2 under an applied current of 750 mA (the 

voltage was 3.3 V).

Wu et al. used TOP oxide in the synthesis and found increased PQD stability against 

ethanol.46 In Geyer’s recent work, they used TOP as part of the postsynthesis treatment on 

CsPbI3 PQDs and found that the quantum yield remained at 30% after 1 month.47 We 

reported a unique case that very little TOP instantly brought “dead” PQDs alive. This is very 

unusual, and it indicates that the fluorescence loss with time is probably not due to the 

generally accepted degradation mechanism; otherwise, the recovery could not be instant. 

This phenomenon points out a different way (backward, i.e., recovery) to understand the 

surface condition and emission mechanism of PQDs. In addition to improving the 

fluorescence strength of freshly made already bright PQDs, TOP significantly enhances 

multiple stabilities of PQDs against long-term storage, temperature, UV irradiation, polar 

solvents, and the lifetime of the LEDs made from them. We found that this effect (from TOP, 

tributylphosphine, and triphenylphosphine) also worked on CsPbBr3 and CsPbI3 PQDs. 

Another important difference from existing reports is that we did not find any P signal in 

isolated PQD samples; this probably explains why just very little TOP can work. This 

unusual emission recovery and stability enhancement by TOP shall promote understanding 

of the particle surface condition and the development of PQD devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This work was supported by the Qingdao Science and Technology Commission (16-5-1-86-jch), LA BORSF RCS/
Endowed Professor programs, LBRN (P20GM103424), ARO (W911NF-15-1-0535), NSF (HRD-1137747), and 
NASA (NNX15AQ03A).

REFERENCES

(1). Song J; Li J; Li X; Xu L; Dong Y; Zeng H Quantum Dot Light-Emitting Diodes Based on 
Inorganic Perovskite Cesium Lead Halides (CsPbX3). Adv. Mater 2015, 27, 7162–7167. 
[PubMed: 26444873] 

(2). Ling Y; Tian Y; Wang X; Wang JC; Knox JM; Perez-Orive F; Du Y; Tan L; Hanson K; Ma B; Gao 
H Enhanced Optical and Electrical Properties of Polymer-Assisted All-Inorganic Perovskites for 
Light-Emitting Diodes. Adv. Mater 2016, 28, 8983–8989. [PubMed: 27530447] 

(3). Zhang X; Lin H; Huang H; Reckmeier C; Zhang Y; Choy WC; Rogach AL Enhancing the 
brightness of cesium lead halide perovskite nanocrystal based green light-emitting devices 

Wang et al. Page 6

J Phys Chem Lett. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



through the interface engineering with perfluorinated ionomer. Nano Lett 2016, 16, 1415–1420. 
[PubMed: 26745020] 

(4). Zhang X; Sun C; Zhang Y; Wu H; Ji C; Chuai Y; Wang P; Wen S; Zhang C; Yu WW Bright 
perovskite nanocrystal films for efficient light-emitting devices. J. Phys. Chem.Lett 2016, 7, 
4602–4610. [PubMed: 27758105] 

(5). Li J; Xu L; Wang T; Song J; Chen J; Xue J; Dong Y; Cai B; Shan Q; Han B; eng H 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.

(6). Wang Y; Zhu Y; Huang J; Cai J; Zhu J; Yang X; Shen J; Jiang H; Li C CsPbBr3 Perovskite 
Quantum Dots-Based Monolithic Electrospun Fiber Membrane as an Ultrastable and 
Ultrasensitive Fluorescent Sensor in Aqueous Medium. J. Phys. Chem. Lett 2016, 7, 4253–4258. 
[PubMed: 27734662] 

(7). Ramasamy P; Lim D-H; Kim B; Lee S-H; Lee M-S; Lee J-S All-inorganic cesium lead halide 
perovskite nanocrystals for photodetector applications. Chem. Commun 2016, 52, 2067–2070.

(8). Park Y-S; Guo S; Makarov NS; Klimov VI Room temperature single-photon emission from 
individual perovskite quantum dots. ACS Nano 2015, 9, 10386–10393. [PubMed: 26312994] 

(9). Swarnkar A; Chulliyil R; Ravi VK; Irfanullah M; Chowdhury A; Nag A Colloidal CsPbBr3 
perovskite nanocrystals: luminescence beyond traditional quantum dots. Angew. Chem 2015, 
127, 15644–15648.

(10). Hu F; Zhang H; Sun C; Yin C; Lv B; Zhang C; Yu WW; Wang X; Zhang Y; Xiao M Superior 
optical properties of perovskite nanocrystals as single photon emitters. ACS Nano 2015, 9, 
12410–12416. [PubMed: 26522082] 

(11). Makarov NS; Guo S; Isaienko O; Liu W; Robel I; Klimov VI Spectral and dynamical properties 
of single excitons, biexcitons, and trions in cesium-lead-halide perovskite quantum dots. Nano 
Lett 2016, 16, 2349–2362. [PubMed: 26882294] 

(12). Yakunin S; Protesescu L; Krieg F; Bodnarchuk MI; Nedelcu G; Humer M; De Luca G; Fiebig M; 
Heiss W; Kovalenko MV Low-threshold amplified spontaneous emission and lasing from 
colloidal nanocrystals of caesium lead halide perovskites. Nat. Commun 2015, 6, 8056. 
[PubMed: 26290056] 

(13). Xu Y; Chen Q; Zhang C; Wang R; Wu H; Zhang X; Xing G; Yu WW; Wang X; Zhang Y; Xiao M 
Two-photon-pumped perovskite semiconductor nanocrystal lasers. J. Am. Chem. Soc 2016, 138, 
3761–3768. [PubMed: 26938656] 

(14). Protesescu L; Yakunin S; Bodnarchuk MI; Krieg F; Caputo R; Hendon CH; Yang RX; Walsh A; 
Kovalenko MV 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. [PubMed: 25633588] 

(15). 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.

(16). Pathak S; Sakai N; Wisnivesky Rocca Rivarola F; Stranks SD; Liu J; Eperon GE; Ducati C; 
Wojciechowski K; Griffiths JT; Haghighirad AA; et al. Perovskite Crystals for tunable white light 
emission. Chem. Mater 2015, 27, 8066–8075.

(17). Sun C; Zhang Y; Ruan C; Yin C; Wang X; Wang Y; Yu WW Efficient and Stable White LEDs 
with Silica-Coated Inorganic Perovskite Quantum Dots. Adv. Mater 2016, 28, 10088–10094. 
[PubMed: 27717018] 

(18). Sun C; Shen X; Zhang Y; Wang Y; Chen X; Ji C; Shen H; Shi H; Wang Y; Yu WW Highly 
luminescent, stable, transparent and flexible perovskite quantum dot gels towards light-emitting 
diodes. Nanotechnology 2017, 28, 365601. [PubMed: 28660857] 

(19). Meyns M; Perálvarez M; Heuer-Jungemann A; Hertog W; Ibáñez M; Nafria R; Genç A; Arbiol J; 
Kovalenko MV; 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. [PubMed: 27454750] 

(20). De Roo J; Ibanez M; Geiregat P; Nedelcu G; Walravens W; Maes J; Martins JC; Van Driessche I; 
Kovalenko MV; Hens Z Highly dynamic ligand binding and light absorption coefficient of 

Wang et al. Page 7

J Phys Chem Lett. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cesium lead bromide perovskite nanocrystals. ACS Nano 2016, 10, 2071–2081. [PubMed: 
26786064] 

(21). Koscher BA; Swabeck JK; Bronstein ND; Alivisatos AP Essentially trap-free CsPbBr3 colloidal 
nanocrystals by postsynthetic thiocyanate surface treatment. J. Am. Chem. Soc 2017, 139, 6566–
6569. [PubMed: 28448140] 

(22). Tang J; Kemp KW; Hoogland S; Jeong KS; Liu H; Levina L; Furukawa M; Wang X; Debnath R; 
Cha D; et al. Colloidal-quantum-dot photovoltaics using atomic-ligand passivation. Nat. Mater 
2011, 10, 765–771. [PubMed: 21927006] 

(23). Swarnkar A; Marshall AR; Sanehira EM; Chernomordik BD; Moore DT; Christians JA; 
Chakrabarti T; Luther JM Quantum dot–induced phase stabilization of α-CsPbI3 perovskite for 
high-efficiency photovoltaics. Science 2016, 354, 92–95. [PubMed: 27846497] 

(24). Pan J; Shang Y; Yin J; De Bastiani M; Peng W; Dursun I; Sinatra L; El-Zohry AM; Hedhili MN; 
Emwas A-H; et al. Bidentate Ligand-Passivated CsPbI3 Perovskite Nanocrystals for Stable Near-
Unity Photoluminescence Quantum Yield and Efficient Red Light-Emitting Diodes. J. Am. 
Chem. Soc 2018, 140, 562–565. [PubMed: 29249159] 

(25). Xu L; Chen J; Song J; Li J; Xue J; Dong Y; Cai B; Shan Q; Han B; Zeng H Double-Protected 
All-Inorganic Perovskite Nanocrystals by Crystalline Matrix and Silica for Triple-Modal Anti-
Counterfeiting Codes. ACS Appl. Mater. Interfaces 2017, 9, 26556–26564. [PubMed: 28714695] 

(26). Wei S; Yang Y; Kang X; Wang L; Huang L; Pan D Room-temperature and gram-scale synthesis 
of CsPbX3 (X= Cl, Br, I) perovskite nanocrystals with 50–85% photoluminescence quantum 
yields. Chem. Commun 2016, 52, 7265–7268.

(27). Shi Z; Li S; Li Y; Ji H; Li X; Wu D; Xu T; Chen Y; Tian Y; Zhang Y; et al. A Strategy of 
Solution-Processed All-Inorganic-Heterostructure for Humidity/Temperature-Stable Perovskite 
Quantum Dot Light-Emitting Diodes. ACS Nano 2018, 12, 1462–1472. [PubMed: 29323874] 

(28). Wang Y; He J; Chen H; Chen J; Zhu R; Ma P; Towers A; Lin Y; Gesquiere AJ; Wu ST; Dong Y 
Ultrastable, Highly Luminescent Organic–Inorganic Perovskite–Polymer Composite Films. Adv. 
Mater 2016, 28, 10710–10717. [PubMed: 27748549] 

(29). Akkerman QA; 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. [PubMed: 26214734] 

(30). Kulbak M; Cahen D; Hodes G How important is the organic part of lead halide perovskite 
photovoltaic cells? Efficient CsPbBr3 cells. J. Phys. Chem. Lett 2015, 6, 2452–2456. [PubMed: 
26266718] 

(31). Ruan L; Shen W; Wang A; Zhou Q; Zhang H; Deng Z Stable and conductive lead halide 
perovskites facilitated by X-type ligands. Nanoscale 2017, 9, 7252–7259. [PubMed: 28516993] 

(32). Pan A; He B; Fan X; Liu Z; Urban JJ; Alivisatos AP; He L; Liu Y Insight into the Ligand-
Mediated Synthesis of Colloidal CsPbBr3 Perovskite Nanocrystals: The Role of Organic Acid, 
Base, and Cesium Precursors. ACS Nano 2016, 10, 7943–7954. [PubMed: 27479080] 

(33). Luo B; Pu YC; Lindley SA; Yang Y; Lu L; Li Y; Li X; Zhang JZ Organolead halide perovskite 
nanocrystals: branched capping ligands control crystal size and stability. Angew. Chem., Int. Ed 
2016, 55, 8864–8868.

(34). deQuilettes DW; Koch S; Burke S; Paranji RK; Shropshire AJ; Ziffer ME; Ginger DS 
Photoluminescence lifetimes exceeding 8 μs and quantum yields exceeding 30% in hybrid 
perovskite thin films by ligand passivation. ACS Energy Lett 2016, 1, 438–444.

(35). Liu Y; Xiao H; Goddard WA Two-dimensional halide perovskites: tuning electronic activities of 
defects. Nano Lett 2016, 16, 3335–3340. [PubMed: 27100910] 

(36). Manser JS; Christians JA; Kamat PV Intriguing optoelectronic properties of metal halide 
perovskites. Chem. Rev 2016, 116, 12956–13008. [PubMed: 27327168] 

(37). Hao J.-j.; Zhou J; Zhang C.-y. A tri-n-octylphosphine-assisted successive ionic layer adsorption 
and reaction method to synthesize multilayered core–shell CdSe–ZnS quantum dots with 
extremely high quantum yield. Chem. Commun 2013, 49, 6346–6348.

(38). Peng X; Manna L; Yang W; Wickham J; Scher E; Kadavanich A; Alivisatos AP Shape control of 
CdSe nanocrystals. Nature 2000, 404, 59–61. [PubMed: 10716439] 

Wang et al. Page 8

J Phys Chem Lett. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(39). Qu L; Peng X Control of photoluminescence properties of CdSe nanocrystals in growth. J. Am. 
Chem. Soc 2002, 124, 2049–2055. [PubMed: 11866620] 

(40). Yu WW; Qu L; Guo W; Peng X Experimental determination of the extinction coefficient of 
CdTe, CdSe, and CdS nanocrystals. Chem. Mater 2003, 15, 2854–2860.

(41). Zhang J-Y; Yu WW Formation of CdTe nanostructures with dot, rod, and tetrapod shapes. Appl. 
Phys. Lett 2006, 89, 123108.

(42). Moreau LM; Ha D-H; Bealing CR; Zhang H; Hennig RG; Robinson RD Unintended phosphorus 
doping of nickel nanoparticles during synthesis with TOP: a discovery through structural 
analysis. Nano Lett 2012, 12, 4530–4539. [PubMed: 22845819] 

(43). Nedelcu G; Protesescu L; Yakunin S; Bodnarchuk MI; Grotevent MJ; Kovalenko MV Fast anion-
exchange in highly luminescent nanocrystals of cesium lead halide perovskites (CsPbX3, X= Cl, 
Br, I). Nano Lett 2015, 15, 5635–5640. [PubMed: 26207728] 

(44). Hoffman JB; Schleper AL; Kamat PV Transformation of Sintered CsPbBr3 Nanocrystals to 
Cubic CsPbI3 and Gradient CsPbBrxI3-x through Halide Exchange. J. Am. Chem. Soc 2016, 138, 
8603–8611. [PubMed: 27322132] 

(45). Koscher BA; Bronstein ND; Olshansky JH; Bekenstein Y; Alivisatos AP Surface-vs diffusion-
limited mechanisms of anion exchange in CsPbBr3 nanocrystal cubes revealed through kinetic 
studies. J. Am. Chem. Soc 2016, 138, 12065–12068. [PubMed: 27606934] 

(46). Wu L; Zhong Q; Yang D; Chen M; Hu H; Pan Q; Liu H; Cao M; Xu Y; Sun B; Zhang Q 
Improving the Stability and Size Tunability of Cesium Lead Halide Perovskite Nanocrystals 
Using Trioctylphosphine Oxide as the Capping Ligand. Langmuir 2017, 33, 12689–12696. 
[PubMed: 29032682] 

(47). Lu C; Li H; Kolodziejski K; Dun C; Huang W; Carroll D; Geyer SM Enhanced stabilization of 
inorganic cesium lead triiodide (CsPbI3) perovskite quantum dots with tri-octylphosphine. Nano 
Res 2018, 11, 762–768.

Wang et al. Page 9

J Phys Chem Lett. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(a) Photos of fresh/aged PQDs and aged PQDs with different amounts of TOP under 

daylight (top) and UV light (bottom). (b) Normalized PL spectra of aged PQDs with and 

without TOP (80 μL of TOP added to 5 mL of PQD solution). (c) Absorption spectra of aged 

PQDs with and without TOP (80 μL of TOP added to 5 mL of PQD solution).
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Figure 2. 
(a) Photos of fresh PQDs with different amounts of TOP under daylight (top) and UV light 

(bottom). (b) Relative PL intensities and (c) spectra of fresh PQDs with TOP. (d) Absorption 

spectra of fresh PQDs and fresh PQDs/TOP (80 μL of TOP).

Wang et al. Page 11

J Phys Chem Lett. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(a) Time-resolved PL lifetimes of fresh PQDs, fresh PQDs/TOP, aged PQDs. and aged 

PQDs/TOP. (b) PL stability of fresh PQDs, fresh PQDs/TOP, and aged PQDs/TOP against 

storage time. (c) Thermal and (d) UV irradiation stabilities of fresh PQDs and fresh PQDs/

TOP. PL spectra of fresh PQDs (e) and fresh PQDs/TOP (f) toluene solutions with different 

amounts of ethanol added.
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Figure 4. 
TEM images (a), XRD spectra (b), IR spectra, (c) and XPS spectra of the Pb 4f (d) of the 

fresh PQDs and fresh PQDs/TOP.
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Figure 5. 
(a) PL spectrum and (b) CIE color coordinates of the LEDs. (c) LED luminance against the 

working time.
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