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ABSTRACT: Currently, the intrinsic instability of organic—inorganic hybrid perovskite
nanocrystals (PNCs) at high temperature and high humidity still stands as a big barrier
to hinder their potential applications in optoelectronic devices. Herein, we report the
controllable in-situ-grown PNCs inpolyvinylidene fluoride (PVDF) polyme with
profoundly enhanced hygrothermal stability. It is found that the introduced
tetradecylphosphonic acid (TDPA) ligand enables significantly improved binding to the
surface of PNCs via a strong covalently coordinatedP—O—Pb bond, as evidence by
density functional theory calculations an X-ray photoelectron spectroscopy analyses.
Accordingly, such enhanced binding could not only make efficient passivation of the
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surface defects of PNCs but also enable the remarkably suppressed desorption of the
ligand from the PNCs under high-temperature environments. Consequently, the
photoluminescence  quantum  yield (PL QY) of the as-fabricated
MAPbBr;—PNCs@PVDF film exhibits almost no decay after exposure to air at 333 K
over 1800 h. Once the temperatures are increased from 293 to 353 K, their PL intensity
can be kept as 88.6% of the initial value, much higher than that without the TDPA
ligand (i.e., 42.4%). Moreover, their PL QY can be maintained above 50% over 1560
h (65 days) under harsh working conditions of 333 K and 90% humidity. As a proof of
concept, the as-assembled white light-emitting diodes display a large color gamut of
125% National Television System Committee standard, suggesting their promising

applications in backlight devices.

INTRODUCTION

Lead-halide perovskite nanocrystals (PNCs), with the formula APbXs (A = MA

(methylammonium), FA (formamidinium), Cs; X = CI, Br, I), have recently achieved
tremendous success in a variety of applications covering solar cells,! lasers,*¢ and
light-emitting diodes (LEDs) 7 due to their excellent photoelectric characteristics such
as low formation energy,'® high photoluminescence quantum yield (PL QY),!
adjustable emission peak position,'? and narrow emission full width at half-maximum
(fwhm).'? In particular, the MAPbBr3 PNCs exhibit the strongest structural stability in
the lead-halide perovskite family, where the tolerance factor is close to 1. The system
has a narrow pure green emission that is centered at the green coordinates required by
National Television System Committee (NTSC) or Rec.2020 standards (530~540 nm)
and features unique advantages in display applications.'® 14 15

Nevertheless, the intrinsic instability of PNCs against high temperatures and high
humidity still remains as a barrier to their use in a variety of optoelectronic devices,®
and the desorption of surface ligands plays an important role on the degradation of the
optical properties of PNCs’, as an essential characteristics of ionic crystals of perovskite

materials.'®!® As reported, the most traditional surface ligands of oleic acid and
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oleylamine are believed to be bound to the Pb and Br ions on the surface of PNCs
through electrostatic interactions or hydrogen bonding, respectively.!” Those weak
binding bond are highly susceptible to breakage at high temperature and high
humidity.? 2! In this regard, Li et al.** used the lone pair of non-bonded electrons in
alkylammonium salt-type ligand didodecyldimethylammonium bromide to form strong
covalent bonds with unoccupied Br ions on the surface of CsPbBr3 NCs, displaying
somewhat enhanced thermal stability compared to the as-modified PNCs, which
maintained 52% of the initial PL intensity after heated to 333 K for 80 min.?? To further
enhance the carboxylate binds to the undercoordinated Pb ions, perfluorodecanoic acid
that has highly electron-withdrawing fluorine atoms was used.”® This stronger covalent
bond significantly improved the thermal stability of the modified CsPbBr3 NCs and
maintained 92.1% of the initial intensity of PL after heating at 373 K for 4 h.** However,
these PNCs still do not satisfy the thermal stability standards for commercial
applications. A further improvement of the hydrothermal stability requires the
combination of the Lewis acid-base theory to further strengthen the covalent bonds
between the ligands and undercoordinated lead ions; a soft Lewis acid.”* 2> Among the
several soft Lewis base ligands, hexylphosphonate was confirmed to be the strongest
compared to other bases such as benzoate and difluoro acetate via ab initio
calculations.? In addition, among the different methods for preparing the PNCs, the in-
situ growth of PNCs in a polymers stands out as the most promising route for meeting
the requirement of display applications as a result of its good film formability with an
even surface, ease of fabrication at low cost, and enhanced stability of the PNCs by the
wrapping of the polymeric matrix.?’** Given the above considerations, the ability to
combine polymer encapsulation and strong ligand binding with the suitable hard-soft
match for in-situ grown PNCs is expected to be a promising strategy to improve the
stability of PNCs. However, this has yet to be in detail to date, due to the complex
control of the crystallization processes of PNCs in a polymer compared to colloidal

PNCs and thus needs deeper exploration.



In this study, we report on the in-situ growth of MAPbBr3 PNCs@ polyvinylidene
fluoride (PVDF) composite films utilizing the knife coating approach, which have
excellent optical quality with high hygrothermal stability. Scheme 1 shows the overall
synthesis procedure. With the application of the strong coordinated soft Lewis base-
tetradecylphosphonic acid (TDPA) as the strong covalent bonds surface ligand, the
MAPDBr; PNCs@PVDF composite film yields a high PL QY of 87.9% with
significantly improved high-temperature stability due to the suppressed desorption of
ligands. Its PL QY is virtually unchanged after 1800 h of storage at 333 K and over
50% of the initial PL QY is maintained after 65 days at 333 K and at a 90% humidity.
With color coordinates of (0.33, 0.33) and a color gamut (125% NTSC standard), the
prepared white LED (WLED) exhibits good luminescence performance, opening the
door to the use of MAPbBr3 PNCs@PVDF film for backlight liquid crystal devic.

Precusor solution
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Scheme 1. Illustration of the in-situ fabrication of MAPbBr3 perovskite nanocrystals

(PNCs) embedded in a PVDF polymer film.

RESULTS AND DISCUSSION

Scheme 1 shows the preparation procedure of the MAPbBr3 PNCs@PVDF films
with various concentrations of TDPA; see details in the Experimental Section. Digital
photographs and SEM images of the as-prepared MAPbBr3; PNCs@PVDF films are
shown in Figure S1. The films exhibit a stronger green emission under UV irradiation

4



after adding a certain amount of TDPA, see Figure S1az-d2, indicating an improved PL
QY.** The distributions of MAPbBr3 PNCs within the PVDF polymer films are
relatively uniform, as revealed by the SEM images in Figure Slas-d3. Owing to the
small size of the MAPbBr3; PNCs, both TEM and HRTEM were employed to clarify the
effect of TDPA ligand on the crystal microstructure and size distribution of the as-grown
PNCs. Figure 1a,c shows TEM images of the MAPbBr3 PNCs@PVDF films prepared
without (as a control) and with 0.03 mmol/mL of TDPA, respectively. Relative to the
control sample, it is evident that the TDPA ligand-modified MAPbBr3 PNCs are more
uniformly dispersed within the PVDF polymer. A similar phenomenon was also found
by Kim et al.*' were TDPA can significantly reduce agglomeration of the ceramic
nanoparticles in the (P(VDF-TrFE)) matrix. As shown in Figure 1b,d, the MAPbBr3
PNCs of both samples are in the form of microspheres, where the interplanar spacing
0f 0.264 nm and 0.294 nm correspond to the (210) and (200)'>3%33 planes of MAPbBr3,
respectively, meaning the successful growth of MAPbBr3 PNCs in a PVDF polymer
with high crystallinity.>* Figure S2 shows the size distributions of MAPbBr3 PNCs in
the PVDF films with and without TDPA ligand (statistical base 50), it is surprising that
the average crystal size of MAPbBr3 PNCs increased from 6.19 nm to 9.71 nm after
modification of TDPA ligand, which is a unified law that the size of MAPbBr3 PNCs
slightly increases with the increasing TDPA content. The high concentration of long
alkyl chains makes TDPA ligands less nimble and able to coordinate on the PNC
surface,** thereby extending the period for the crystalline seed to grow and increase the
PNC size. Figure S3b-f shows energy dispersive X-ray (EDX) mapping images of C,
N, Pb, Br, and P elements, which coincides with that of the PNCs in the TEM image in
Figure S3a, suggesting that the TDPA ligand is uniformly distributed on the surface of
PNCs.
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Figure 1. The typical TEM (a, ¢), HRTEM and FFT pattern (inset) of an individual

PNC (b, d) from the control (a, b) and 0.03 mmol/mL TDPA-modified (c, d) MAPbBr3
PNCs@PVDF films, respectively.

Figure 2a shows the XRD patterns of the control and TDPA-modified
PNCs@polymer films; see Figure S4. Diffraction peaks at 14.9 ©, 30.2 °, and 33.7 © are
found in all samples, corresponding to the (100), (200), and (210) planes of cubic-phase
MAPDBT3; this further confirms the successful growth of MAPbBr3 PNCs in the PVDF
polymer with high crystallinity.?? 3336 The broad diffraction peaks at 20.7 ° are ascribed
to the superposition of the amorphous S-phase of PVDF?’ and the (110) crystal plane
of MAPbBr3.>2 XPS measurements were catried out to confirm the mode of binding
between the TDPA and surface of the PNCs. As expected, the P 2p and O 1s peaks were
found in the XPS spectra of the TDPA-modified PNCs@polymer films, Figure 2b,c,
means the successful combining of TDPA in the film. In order to confirm the effective
binding between the TDPA and the surface of the PNCs, another control film of
TDPA@polymer, which was prepared without any perovskite precursor and examined

via XPS. The O Ls spectrum of the TDPA-free PNC@polymer shows the main oxygen



peak from the P-OH group at 532.95 eV and the P=O group at 531.4 eV in a ratio of
1.8:1 (~ 2:1). This is consistent with previously reported O ls spectra of phosphonic
acid derivatives, Figure 2c¢, and the low interaction between the TDPA and the
polymer.***° In contrast, a new peak around 530.75 eV appeared in the O 1s spectrum
of the TDPA-modified PNCs@polymer films, Figure 2c, which can be ascribed to the
formation of a new Pb-O-P covalent bond during adsorption of phosphonate onto a
metallic surface, which replaces the bromide vacancy site.’® ** Compared with the
control sample without TDPA ligand, both binding energies of Pb 4f and Br 3d shifted
towards lower energy after TDPA modification, see Figure 2d,e; this indicates the
effective coordination between the TDPA ligand and the PNCs (Figure S5). The shift
can be attributed to the donation of electrons from TDPA to the empty 6p orbital of Pb**
and a reduction of the cationic charge on the Pb ion after the binding of P-O- to Pb** 4!
43 Simultaneously, the disturbance of the formed Lewis adduct* leads to a change in
the static interaction between Pb** and Br- ions, and thus lowering the binding energy

of Br 3d.#14%45
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Figure 2. XRD patterns (a) of control and TDPA-modified MAPbBr3 PNCs@PVDF
and pure PVDF films; XPS spectra of P 2p (b), O 1s (c), Pb 4f'(d) and Br 3d (e) of
TDPA-modified (0.03 mmol/mL) and control MAPbBr3 PNCs@PVDF films.



In Figure 3a, we show the absorption and PL spectra of the control and TDPA-
modified MAPbBr3 PNCs@PVDF films synthesized with various TDPA contents. As
shown, the PL spectra were slightly red-shifted with increasing TDPA concentration,
which can be attributed to the larger particle size (Figure S2) and reduced quantum
confinement.*!" %> 47 When TDPA was added, the PL QY increased from 68.39% (for
the control) to 87.89% for the TDPA-modified MAPbBr3 PNCs@PVDF film at 0.03
mmol/mL; see Figure 3b. Such a dramatic improvement can be due to the strong
covalent coordination of the TDPA to the unpaired Pb ions on the surface of the
MAPbBBr3 PNCs, which ultimately lowers the surface defect state. In addition, the time-
resolved PL spectra, see Figure 3c, and average PL lifetimes, see Figure 3d, provide
convincing evidence of the decreased defect state in the MAPbBr3 PNCs. The zavg of
43.39 ns for 0.03 mmol/mL TDPA-treated films, represents an increase of 1.8 times
when compared to the control perovskite film (23.53 ns), demonstrating that the non-
radiative trapping in the surface sites of MAPbBr3; PNCs is suppressed; the time
constants and the normalized amplitudes of the components obtained from the
triexponential decay fit are detailed in Table S1. When the concentration of TDPA
ligand was increased to 0.05 mmol/mL, the PL QY and average lifetime decreased.
This was attributed to the fact that the excessive TDPA ligands lead to more surface
defects being exposed due to the competing adsorption of different ligands species.*®

To understand the mechanisms leading to higher PL QY values in the TDPA-
modified MAPbBr3 PNCs@PVDF films, as well as to their remarkable exciton
recombination dynamics, we performed density functional theory (DFT)* calculations;
the Supplementary Information, Figure S6 provides further details on the models. The
negative value (-1.248 eV, Figure S7) for the formation energy of MAPDbBTr3 containing
bromine vacancies (¥sr) (showing bare Pb ions on the surface) indicates that the Vs:
will spontaneously generate on the surface of MAPbBr3, which agrees with the

literature %2

and experimental results (see Figure 3¢,d). However, after adsorption of
TDPA, the more negative formation energy (-1.425 eV) of MAPDbBr3-Va: indicates an

enhanced stability, owing to the passivation of TDPA on the dangling bond of the bare



Pb ions. Therefore, the modification of the TDPA can improve the structural stability
of MAPbBr; crystals.>® To further elucidate the reason for the enhanced optical
properties, the adsorption energy of TDPA on the MAPbBr3 surface was also calculated,
and details of the calculation and underlyng equations are presented in the Supporting
Information. As shown in Figure S7, the adsorption energy of TDPA on the MAPbBr3
crystal surface is -7.607 eV, which absolute value is higher than 0.1-0.42 eV,>*
indicating that the adsorption between TDPA and MAPbBr3 is chemisorption rather

33.36 wwhich results

than the physisorption, namely the strong binding of the Pb-O bonds,
in the improved optical properties of MAPbBr3 PNCs. As seen in Figure 3e,f, the
conduction band of MAPbBr3 is mainly contributed by the Pb-p orbital, while the
valence band is mainly contributed by the Br-p orbital. When a Br vacancy defect exists
on the surface of MAPbBr3, the Pb-Br bond breaks, causing the appearance of unpaired
electrons around Pb, with the existence of dangling bonds around Pb (i.e., Pb defect

states of p orbital), >*37-8

and a conduction band with a high concentration of defective
Pb-p states near the Fermi energy level (marked by the dashed box, Figure 3f). Once
the Br vacancies are passivated by TDPA, Figure 3g,h, TDPA bonds with Pb and can
inhibit the formation of Br vacancies on the surface of MAPbBr3, leading to the
disappearance of the defect states near the Fermi energy level.”® > Consequently, the
surface modification due to the strong covalent bonds of TDPA can attenuate the defect-

induced non-radiative recombination rate, resulting in the enhancement of MAPbBr3

luminescence performance.
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Figure 3. Normalized absorption/PL spectra (a), PL QY (b), time-resolved PL decay
curves (c), and the average decay lifetimes (d) of MAPbBr; PNCs@PVDF films
prepared with various TDPA contents; electronic energy band structure (e, g) and
density of states (f, h) of the MAPDbBr3 slab with Br vacancies (e and f) and TDPA
ligand (g and h).

In addition to enhancing the emission efficiency, the TDPA treatment has a
profound effect on the thermal stability of the as-prepared MAPbBr; PNCs@PVDF
film. Figure 4a shows the PL QY of the TDPA-treated film, which retains near unity
PL QY after exposing under 333 K for 1800 h, while some decrease is observed in the
control sample, with a significant red shift in its peak position; see Figure S8. The red
shift is mostly due to the high temperature-induced Ostwald ripening between adjacent
PNCs within the film that results in an increase in PNCs size with more defects. An
undetectable spectra shift was observed in the optimized sample, and this indicates the

suppressed regrowth of the adjacent PNCs within the film due to the enhanced adhesion
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between the MAPbBr; PNCs and the PVDF polymer by the TDPA ligand.”® 3! We
monitored the PL of MAPbBr3 PNCs@PVDF film in situ as it was heated from T =293
to 353 K (with a heating rate 3 K- min™!) to explore the PL thermal quenching behavior.
The PL intensity of the control film decreases noticeably as the test temperature rises,
with only 42.35% of the initial intensity remaining when the temperature was raised to
353 K, as can be observed in Figure 4b. In agreement with previous reports,'® -2 the
increase in temperature intensified the lattice vibrations of the PNCs inside the film,
thereby breaking the weak binding bonds between the surface of the PNCs and ligands
and increasing the surface defect states,® thereby inducing an electro-acoustic coupling
and improving the non-radiative composite.** Strikingly, the addition of TDPA
increased the thermal resistance of the PNCs, Figure 4c, leading to a high PL strength
(maintaining 88.55% of the initial), which improved the performance compared to the
control sample. As demonstrated in Figure S9 and Table S2, a similar result was
reached by examining the time-resolved PL spectra of the MAPbBr3 PNCs@PVDF
films before and after their variable-temperature thermal treatment process. The
average lifetime determined by the tri-exponential decay of the control samples
dramatically decreased after heat treatment; this is typically as a result of accelerated
ligand desorption from the PNC surface and partial PNC decomposition,® resulting in
an increased defect density in the MAPbBr3 PNCs and poor performance. There a lower
shift in the decay curve of the MAPbBr3 PNCs@PVDF film that was treated with
TDPA ligand, and the average lifetime was alomst unaltered. This result suggests that
the TDPA ligand inhibits the desorption of the ligand by strengthening the spatial
confinement of PVDF polymer and the strong binding P-O-Pb link between the ligand
and the PNCs, thereby suppressing the nonradiative complexation of the PNCs induced
by lattice vibrations.** The remarkable thermal stability caused by the TDPA ligand
was also a result of the significant proportion of organic materials carried by its lengthy

alkyl chain.®®
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Figure 4. Relative PL QY versus exposing time under 333 K treated (a), PL intensity

K and

90% humidity (d) of control and TDPA-modified MAPbBr3 PNCs@PVDF films.

In order to test their hydrothermal stability, the control and optimized samples

were stored in a 373 K thermostat with a constant humidity of 90% for up to

12

1580 h

and the PL intensities were monitored periodically. Figure 4d shows the remnant PL
integrated intensities of both samples treated in the thermostat at a different time (where
the initial PL integrated intensity is 100%). The PL of the control sample completely
vanished after 600 h, even when encapsulated by PVDF with DPPA and OABTr ligands



protection. Notably, the optimized sample maintains a high stability at 333 K and 90%
humidity, and its PL QY gradually stabilizes after 1560 h and is able to maintain 51%
of the initial efficiency. Furthermore, after being immersed in water for 240 h at room
temperature, the TDPA-modified film’s fluorescence intensity remained unchanged
under a 365 nm UV lamp irradiation, while the intensity of the control film significantly
decreased (Figure S10). It is known that the strong spatial site resistance of TDPA
reduces the opportunity for water molecules to contact the surface of MAPbBr3 PNCs,
which contributes to an improved water stability.*’ The results verify that the optimized
film exhibits superior hygrothermal stability, which is believed to be a result of the
powerful TDPA modification. This performance is comparable to the optimal

properties reported in the literature to date; see Table S3.
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Figure 5. The spectrum of the WLED (inset: the photograph of the device operated at
2.5 V) (a), the CIE color coordinate (black point) and the color triangle (red line)
compared to the 100% NTSC standard (back line) of the as-fabricated WLED device

(b).

With significantly improved PL QY and high stability, the TDPA-modified
MAPbLBr; PNCs@PVDF film has potential applicability in white light emitting diodes
(WLED) devices. Figure 5a shows the spectrum of the WLED fabricated by
encapsulating green emissive MAPbBr3@PVDF film and red commercial K2SiFs:Mn**

phosphor on a blue-emitting chip (460 nm) with an input voltage of 2.5 V. And the top
13



left inset in Figure 5a is a digital photo of the optimized device under the operation of
2.5V, which emits natural white light with the luminous efficiency of 31 Im* W™!. The
commission international de I’Eclairage (CIE) coordinate of the WLED can be adjusted
to (0.33, 0.33) with correlated color temperature (CCT) of 5554 K, which is equal to
the standard white color, as shown in Figure 5b. The corresponding triangle (red line)
covers 125% of NTSC standard color (black line), which represents a signficiant
potential of the TDPA-modified MAPbBr3; PNCs@PVDF film in lighting and display

applications.

CONCLUSIONS

In summary, we have demonstrated that the preferred TDPA as the soft Lewis
ligand could significantly enhance the optical properties and hygrothermal stability of
MAPDBr3 organic-inorganic PNCs, which are in-situ grown within PVDF film in a
controlled manner. The introduced TDPA ligand facilitates the formation of strong
covalent coordinated P-O-Pb bond, which could not only make efficient passivation of
the surface defects of PNCs, but also enable the remarkably suppressed desorption of
the ligand from the surface of PNCs under high-temperature environments. The as-
fabricated MAPbBr3-PNCs@PVDF film exhibits an excellent optical performance with
anarrow FWHM (28.7 nm) and high PL QY (87.9%). Furthermore, the PL QY is highly
stable with nearly no decay once exposed in air at 333 K over 1800 h. Additionally,
their PL peak intensity could be maintained at 88.6% of its initial value when the
temperature is increased from 293 to 353 K, much higher than that without TDPA
ligand (i.e., 42.4%). Moreover, their PL QY could be maintained more than 50% over
1560 h (65 days) under harsh working conditions of 333 K and 90% humidity. Finally,
the WLEDs based on MAPbBr3 PNCs@PVDF film has been developed, which deliver
a large color gamut of 125% NTSC standard with color coordinates at (0.33, 0.33). The
present work might give some insight on fabricating organic-inorganic perovskite
materials with profoundly enhanced hydrothermal stability, to push forward their

applications in backlight devices.
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EXPERIMENTAL SECTION

Materials: Methylammonium bromide (MABr, 99.5%, Xi’an Polymer Light
Technology Co., China), Lead (I) bromide (PbBr2, 99%, Aladdin), n-Octylamine
hydrobromide (OABr, 99.5%, Xi’an Polymer Light Technology Co., China), 3,3-
Diphenylpropylamine (DPPA, 97%, Macklin), Tetradecylphosphonic acid (TDPA, >
98%, Aladdin), N, N-Dimethylformamide (DMF, 99.9%, Aladdin) and polyvinylidene
fluoride (PVDF, Mw = 780,000, Solvay). All chemicals were directly used as received
without further experimental treatment.

Preparation of precursor solution: For preparing the precursor solution, it was
modified from the previously reported approach.®’ In a typical procedure, 124.08 mg
(1.1 mmol) of MABr, 508.88 mg (1.4 mmol) of PbBr2, 7.4 g of PVDF, and 80 mL of
DMF were mixed into a 100 mL Erlenmeyer flask and mechanically stirred for 12 h at
room temperature to completely dissolve and mix the precursors. Subsequently, 175.81
mg (0.83 mmol) of DPPA and 14.57 mg (0.07 mmol) of OABr were added to an
Erlenmeyer flask followed by 2 h stirring. Target TDPA concentrations (0, 0.01, 0.03,
and 0.05 mmol/mL) were added to the 10 mL of the aforementioned solution using a
pipette, and the mixture was stirred for 2 hours before use.

Preparation of MAPbBr3 PNCs@PVDF films: MAPbBrs PNCs@PVDF films
were fabricated by a knife coating method, and a flat glass was selected as the substrate.
The above-mentioned precursor solution was first transferred to one end of the glass
substrate and spread the precursor evenly with a coater. Then the glass plate was
transferred into a vacuum drying oven at 353 K immediately, and maintained at a low
pressure for 5 min until the precursor on the glass solidified into a film and turns green.
The preparation process is shown in Scheme 1.

Fabrication of WLED devices: Firstly, red commercial K2SiFs:Mn*" phosphor was
encapsulated into UV cure adhesive, followed by a UV curing process for ~2 h to form

the red emissive layer, which was directly laid onto a blue light LED chip (460 nm).
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Then, the optimized MAPbBr; PNCs@PVDF film was placed on top of the red
emissive layer.

Characterization: The structure and morphology of as-prepared MAPDbBr3
PNCs@PVDF films were analyzed using field emission scanning electron microscopy
(SEM, S-4800, Hitachi, Japan), high-resolution transmission electron microscopy
(HRTEM, JEM-2100F, JEOL, Japan), and X-ray diffraction (XRD, D8 Advance,
Bruker, Germany). The surface species and chemical states of the PNCs were measured
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher
Scientific, USA). The PL spectra, absolute PL QY, decay curves, and in-suit variable-
temperature test of the films were measured using a fluorescence spectrometer
(Fluromax-4P, Horiba Jobin Yvon, France) equipped with a quantum-yield accessory,
a time-correlated single photon-counting spectrometer, and a Lakeshore 331
temperature controller. A Nano LED (wavelength: 370 nm) was utilized as the exciting
source for PL decay measurements. The UV-vis measurements were performed on a
UV-vis scanning spectrophotometer (U-3900, Hitachi, Japan). Electroluminescence
(EL) spectra of WLEDs were measured on a spectrometer (Maya 2000Pro, Ocean
Insight, USA).

Density functional theory (DFT) computation: To clarify the improvement
mechanism of TDPA ligands on the optical properties of MAPbBrs PNCs, the
electronic structure properties, the perovskite formation energy, and ligand surface
adsorption energy of MAPbBr3 perovskite were calculated based on density functional
theory (DFT). The Vienna Ab-initio Simulation Package (VASP) software package was
used as the computational software,’® while the Perdew-Burke-Ernzerhof (PBE)
functional of the generalized gradient approximation (GGA) was chosen for the
exchange-correlation generalization function.” The electron-ion interaction was
described by the projector-augmented wave (PAW) potentials with a cutoff energy of
400 eV confirmed by the convergence test. The valence electron configurations of Pb,
Br, C, N, O, P, and H were 6s6p?, 4s5%4p°, 25*2p?, 25*2p°, 25*2p*, 3s?3p, and 1s',

respectively. The self-consistent convergence accuracy of the structure optimization
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was 1.0x10* eV for the energy, and the convergence accuracy of the force was 0.05

eV/A.
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Controllable in-situ grown organic-inorganic hybrid perovskite nanocrystals in polymer
with profoundly enhanced hygrothermal stability were reported. They exhibited robust
stability with almost 100% retention of initial PL. QY after exposure in air at 333 K for
1800 h, and 88.6% of initial PL intensity was retained once the temperature is increased
from 293 to 353 K. Moreover, their PL QY can be maintained above 50% over 1560 h
(65 days) under 333 K and 90% humidity.

25



