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H I G H L I G H T S

• Air-stable MAPbI3 was fabricated by
solvent dose control and ligand reg-
ulation.

• The MAPbI3 quantum dots exhibit
high photoluminescence quantum
yield up to 80%.

• The quantum yield was still at 74% of
its original value after 20 days.

• The strategy is also suitable for pre-
paring color-tunable MAPbX3 (X = Cl,
Br, I).
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A B S T R A C T

Methyl-ammonium lead iodide (MAPbI3) perovskite quantum dots (QDs) have emerged as a promising material
for photoelectronic, however, they usually suffer intrinsically from the environmental instability and low pho-
toluminescence quantum yield (PLQY), which will seriously impede their commercial applications. Here, we
report an internal-external combination strategy by lowering the dose of good solvent and reducing the chain
length of amine ligand to simultaneously enhance the air stability and PLQY of MAPbI3 QDs. The low-dose
solvent can effectively reduce internal iodine vacancies defects and external residual solvent molecules,
meanwhile, the faster and denser assembly of nimble short-chain (SC) ligand on the MAPbI3 QDs surface can
helpfully enhance the external surface passivation. As a result, compared to MAPbI3 QDs synthesized by tra-
ditional ligand-assisted reprecipitation (LARP) method, the air stability and PLQY of which are improved by
more than four orders of magnitude (from a few minutes to dozens of days) and nearly two times (from 42% to
80%) prepared by our strategy. Besides, this strategy can widely tune the color of MAPbX3 (X = Cl, Br, I) QDs
from 388 to 735 nm through regulating components. This internal-external combination strategy can provide
some beneficial enlightenment for preparing long-term air-stable hybrid perovskite QDs with high PLQY, which
drastically driving their commercial applications.

1. Introduction

Recently, organic-inorganic hybrid perovskites MAPbX3 (X = Cl, Br,

I) have caught growing attention due to their marvelous photoelec-
tronic properties, such as large absorption coefficients, small exciton
binding energy, high carrier mobility, tunable direct optical bandgap,
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as well as low-cost room temperature processing [1–8]. Nevertheless,
due to the weak hydrogen and ionic bonds between inorganic PbX2

frameworks and organic MA+ cations, the MAPbX3 quantum dots (QDs)
have an uncanny predisposition toward frequent and rapid degradation
in the ambient air [9,10]. Especially for MAPbI3 QDs, the resulting
intrinsically structural instability would easily induce the moisture in-
trusion into MAPbI3 QDs and further leading to the formation of col-
orless intermediate hydrated phases (MAPbI3·H2O). This kind of hy-
drated phase will eventually decompose into PbI2 and MAI [7–12]. For
these reasons, the MAPbI3 QDs must be encapsulated in the expensive
glove box, remarkably forcing up the manufacturing difficulty and cost
of the MAPbI3 QDs based photoelectric devices.

To alleviate the degradation, external capping ligands such as hy-
drophobic oleic acid (OA), oleylamine (OAm) with long-chain (LC)
characteristics have been frequently employed to prepare relatively
stable MAPbX3 QDs by surface passivation strategy [13–18]. Assembly
of appropriately capping ligands on the crystal surface not only suffi-
ciently passivate surface defects sites and dangling bonds but also ef-
ficiently suppress the interactions between surface atoms and moisture.
However, despite all this, such a surface passivation strategy encounters
a remarkable challenge to improve the stability of red-emitting MAPbI3
QDs to date. The LC ligand-passivated MAPbI3 QDs will completely
degrade within a few minutes in the ambient air, and even in a glove
box, they will degrade in several weeks or even a few days [19–22].
Such rapid degradation should be ascribed to the fact that these LC
ligands are completely helpless for the internal defects despite its ef-
fectively repairing partial external defects of MAPbI3 QDs by surface
passivation. In the preparation process, the coordinated polar solvent N,
N-Dimethylformamide (DMF) was usually employed as a good solvent
for dissolving the inorganic salts and small molecules [23–25]. How-
ever, it has a strong binding effect with PbI2, which will cause the
generation of internal intrinsic crystal defects and further accelerate the
degradation of MAPbI3 QDs [11]. Obviously, it is extremely imminent
to explore an effective strategy to simultaneously reduce internal and
external defects for the stability improvement of MAPbI3 QDs.

In this work, we effectively boosted the air stability and photo-
luminescence quantum yield (PLQY) of the MAPbI3 QDs by reducing
the dose of solvent to lower the internal defects and using nimble short-
chain (SC) n-butylamine as capping amine ligand to repair the external
defects simultaneously. As a result, the MAPbI3 QDs can be prepared
directly in the ambient air, and the obtained QDs can be exposed to the
ambient air for a long time. In detail, the SC n-butylamine-passivated
MAPbI3 QDs prepared with low-dose (1 mL) DMF showed enduring air
stability and the PLQY was still at 74% of its original value after
20 days, while the LC n-octylamine-passivated MAPbI3 QDs prepared
with high-dose (4 mL) DMF completely degraded within a few minutes.
The far-red-emitting (735 nm) MAPbI3 QDs with high air stability were
coated on an InGaN chip (365 nm) to fabricate a facile light emitting
diode (LED) device. This far-red LED can be regarded as an efficient
artificial light source for promoting plant growth [26,27]. Moreover,
this strategy is also suitable for preparing a collection of color-tunable
colloidal MAPbX3 (X = Cl, Br, I) QDs. The corresponding emission
spectra can be skillfully regulated from 388 to 735 nm, and the full
width at half maximum (FWHM) of the emission spectra is narrow
(FWHM = 16 ~ 50 nm). Therefore, we insist that this work could
provide worthwhile inspirations and references for improving the sta-
bility of organicinorganic hybrid perovskite QDs.

2. Experimental section

2.1. Materials

Methylamine (CH3NH2, 30% in methanol), hydroiodic acid (57% in
water), hydrobromic acid (48% in water, 99.99%), lead chloride
(PbCl2, 99.99%), lead bromide (PbBr2, 99%), lead iodide (PbI2, 98%),
N, N-Dimethylformamide (DMF, 99.5%), n–octylamine (99.5%), n-

butylamine (99.5%) and oleic acid (OA, AR), were purchased from
Aladdin. Hydrochloric acid (AR), toluene (AR), and diethyl ether (AR)
were purchased from Keshi. All the raw materials were used without
further purification.

2.2. Preparation of MAX (X = Cl, Br, I)

MAX was prepared by the reported method [13]. First, CH3NH2 was
dissolved in absolute ethanol, and then HX was slowly added to the
solution and constantly mixed in an ice bath. Next, the CH3NH2X (MAX)
powders were obtained by rotary evaporation. The powder was washed
several times with diethyl ether, recrystallized from ethanol, and finally
dried in a vacuum oven at 60 °C.

2.3. Preparation of MAPbX3 (X = Cl, Br, I) QDs

MAPbX3 QDs were prepared using the LARP method. 0.1 mmol MAI
and 0.1 mmol PbI2 were dissolved in 4 mL, 3 mL, 2 mL, 1 mL, 0.5 mL
and 0.25 mL DMF, respectively. The precursor solution can be obtained
after adding 200 μL OA and 10 μL amine ligand (n-octylamine, hex-
ylamine, n-butylamine, and propylamine) then stirring for 30 min.
Then 10 μL precursor solution was added into 4 mL toluene and stirred
mightily. Finally, the MAPbI3 QDs powder was collected by centrifu-
ging for further characterizations. In the same way, a series of color-
tunable MAPbX3 (X = Cl, Br, I) QDs were obtained by adjusting the
molar ratio of the halogens.

2.4. Fabrication of the far-red LED device

The far-red LED was fabricated by the combination of collected
MAPbI3 QDs powder and UV LED chip. First, a certain amount of red
MAPbI3 QDs phosphors were evenly dispersed in the A glue of silicone.
Then, the B glue of silicone was added into the mixture and constantly
stirring, and the mass ratio of A glue and B glue of silicone is 1:2. After
mixing evenly, the air bubbles of the mixture were evacuated by a
vacuum device. Subsequently, the obtained mixture was coated on the
surface of the NUV LED chip (365 nm). Last, the red LED device was
obtained after drying at 60 °C for 4 h.

2.5. Characterizations

Photoluminescence (PL) spectra of the as-prepared MAPbX3

(X = Cl, Br, I) QDs were collected using FLS980 (Edinburgh
Instruments) spectrometer with a 450 W Xenon lamp at room tem-
perature. The time-resolved photoluminescence (TRPL) spectra were
recorded by using a 405 nm pulse laser as an excitation source
(FLS980). The PLQYs were measured using the fluorescence spectro-
meter with an integrated sphere (FLS980). The X’Pert Pro (Holland) X-
ray diffract meter with Cu Ka1 radiation (λ = 0.154 nm) was exploited
to characterize the crystal structures of as-prepared samples. The
UV–vis absorption spectra were recorded by the UV-6100 spectro-
photometer. The transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) images were
measured by a JEP JEM 2100 F field emission transmission electron
microscope operating at 200 kV. Thermogravimetric analysis data
(TGA) were collected using TGA 5500 (TA Instruments) and heated
from 30 to 600 °C at a constant rate of 10 °C min−1 under N2 atmo-
sphere.

3. Result and discussion

To reveal the effect of the good solvent (DMF) dosage on the air
stability of MAPbI3 QDs, a set of LC n–octylamine-passivated MAPbI3
QDs with various doses of DMF were prepared using the LARP method.
The air stability and temporal evolution of PL spectra of these MAPbI3
QDs were illustrated in Fig. 1 and S1. As shown in Fig. 1a, the emission
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intensities of MAPbI3 QDs show a slower pace of decline with the de-
crease of DMF dose ranging from 4 mL to 1 mL, obviously indicating
that lower-dose DMF will significantly enhance the air stability of the
MAPbI3 QDs. The MAPbI3 QDs with 4 mL DMF rapidly degraded within
a few minutes, while the MAPbI3 QDs with 1 mL DMF could hold on for
more than 6 h, as clearly indicated in Fig. 1b. Such considerably im-
proved air stability of MAPbI3 QDs with low-dose DMF can be clearly
and vividly elucidated by a conceptual model, as schematically illu-
strated in Fig. 1c. Initially, DMF is employed as a good solvent to
completely dissolve MAI, PbI2 and ligands, MA+, Pb2+ and I- si-
multaneously exist as the ionic state in the precursor solution. Next, the
precursor solution is quickly added into the anti-solvent (toluene) for
the nucleation and growth of MAPbI3 QDs. However, due to the strong
bonding force of DMF and PbI2, some solvent molecules (DMF) will
firmly attach to the surface of MAPbI3, while some internal iodine va-
cancies will generate during the removal process of good solvent. These
existing internal-external defects will greatly accelerate the degradation
of MAPbI3 QDs, and the number of defects is positively correlated with
the dose of DMF. Therefore, reducing the dose of DMF can effectively
reduce the number of internal-external defects. Moreover, the LARP
method is designed based on supersaturated recrystallization. The su-
persaturated ions will be precipitated as crystal after transferring the
precursor to an insoluble solvent (toluene) [28]. Reducing the dose of
good solvent results in a higher degree of supersaturation and induces
faster recrystallization of perovskites. This faster recrystallization is
contributed to reduce the grain size and hamper aggregation of MAPbI3.
Therefore, appropriately reducing the dose of DMF is a simple and ef-
ficient strategy to improve the air stability of MAPbI3 QDs.

To further confirm the above-proposed model, the TRPL spectra of
MAPbI3 QDs prepared with different doses of DMF were measured to
get insight into the defects of MAPbI3 as well as its exciton re-
combination dynamics, as shown in Fig. 1d. These decay curves can be
fitted well using the bi-exponential function, and the fitting results were
summarized in Table S1. The fast lifetimes (τ1) are related to defect-
assisted recombination, and the slow lifetimes (τ2) are related to ra-
diative recombination [29–31]. With the dose of DMF decreases from
4 mL to 1 mL, the fraction of fast lifetime decreased from 17.70% to
13.89%, revealing the decreased non-radiative recombination. The
average lifetimes (τave) increase monotonically with the decrease of
DMF dosage (the τave of MAPbI3 QDs with 4 mL, 3 mL, 2 mL, and 1 mL
are 40.71 ns, 48.06 ns, 55.87 ns, and 77.58 ns, respectively). This
monotonic increase of τave can evidently confirm that the lower dose of
DMF, the fewer defects of MAPbI3 QDs.

Although the lower dose of DMF can effectively reduce the internal
defects of MAPbI3, it is powerless to repair the external defects, which is
also critical essential to improve the air stability of MAPbI3 QDs. In this
work, three other ligands with shorter chain length (n-propylamine, n-
butylamine, and n-hexylamine) were employed to passivate the surface
defects of MAPbI3 QDs. The PL spectra and air stability of these three
ligands-passivated MAPbI3 QDs with low-dose (1 mL) DMF were sys-
tematically investigated, as shown in Figs. S2 and S3. As the length of
amine ligands decreases, the gradual blue shift in the emission spectra
can be observed in Fig. S2. The MAPbI3 QDs passivated by shorter li-
gands (n-propylamine and n-butylamine) exhibit better air stability
than n-hexylamine. The blue-shift emission spectra and increased air
stability of MAPbI3 QDs passivated by shorter ligands may be caused by

Fig. 1. The effect of various DMF doses on the air stability of LC n-octylamine-passivated MAPbI3 QDs. (a) Variation of emission intensity with storage time of the
MAPbI3 QDs with different doses of DMF ranging from 1 to 4 mL. (b) Photographs of the MAPbI3 QDs as a function of the storage time. (c) Schematic illustrations of
the transformation process from precursor to MAPbI3 QDs. (d) TRPL spectra of the MAPbI3 QDs with various doses of DMF.
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Fig. 2. Comparison of PL properties of LC n-octylamine-passivated MAPbI3 QDs and SC n-butylamine-passivated MAPbI3 QDs. (a) The structural model of MAPbI3
QDs passivated with LC n-octylamine or SC n-butylamine. (b) PLQYs of MAPbI3 QDs as a function of storage times. (c) PL spectra and (d) TRPL spectra of MAPbI3 QDs
passivated with LC n-octylamine or SC n-butylamine.

Fig. 3. Morphology and crystal structure of SC n-butylamine-passivated MAPbI3 QDs with low-dose DMF. (a) TEM image of the MAPbI3 QDs. (b) HRTEM image of the
MAPbI3 QDs. (c) The corresponding particle size distribution of the MAPbI3 QDs. (d) The powder XRD pattern of the MAPbI3 QDs.
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the following two reasons. On the one hand, the shorter amine ligands
can faster and compacter assemble on the surface of MAPbI3 QDs due to
the smaller steric hindrance. On the other hand, the shorter amine li-
gands shows higher polarity compared with the longer ligands, which
means the stronger adsorption energy between short-chain n-butyla-
mine and perovskite [32]. However, there is a large redshift (13 nm) of
ultra-short n-propylamine-passivated MAPbI3 QDs after 12 days (Fig.
S3g), it is because the agglomeration between adjacent particles cannot
be effectively hindered.

To further understand the effect of ligands length on the stability of
MAPbI3 QDs prepared with 1 mL DMF, the comparison analysis method
was employed, as shown in Fig. 2. The PLQY of SC n-butylamine-pas-
sivated MAPbI3 QDs and LC n-octylamine-passivated MAPbI3 QDs are
80% and 42%, respectively. It can be drawn that the luminescent

performance of MAPbI3 QDs can be effectively improved using SC n-
butylamine as passivation ligand. The PLQY of as-prepared MAPbI3 QDs
compares favorably with other reported works, as shown in Fig. S4.
Fig. 2b shows the temporal variations of the PLQY of MAPbI3 passivated
with SC n-butylamine or LC n-octylamine, it can be intuitively observed
that SC n-butylamine-passivated MAPbI3 QDs exhibit better stability in
ambient air. The LC n-octylamine-passivated MAPbI3 QDs fully de-
generated within 12 h, while the PLQY of SC n-butylamine-passivated
MAPbI3 QDs decreased from 80% to 59% after 20 days. Moreover, there
is an obvious enhancement of SC n-butylamine-passivated MAPbI3 QDs
at the beginning of the five days, which can be attributed to the “photo-
brightening” [33–35]. The formation of lead-oxygen bonds on the
surface can be considered as an efficient post-treatment when the
MAPbI3 QDs were exposed to ambient air [33]. The notably improved

Fig. 4. CIE chromaticity coordinates (a) and the electroluminescence (EL) spectrum (b) of the lighted LED. Insert: the photographs of the fabricated LED.

Fig. 5. Steady-state PL properties and crystal structure of SC n-butylamine-passivated MAPbX3 (X = Cl, Br, I) QDs with low-dose DMF. (a) The optical photographs of
MAPbX3 QDs in toluene (Nos. 1–15) under ambient light and UV lamp. (b) The normalized emission spectra of MAPbX3 (X = Cl, Br, I) QDs. (c) XRD patterns of
MAPbX3 (X = Cl, Br, I) QDs. (d) The emission and UV–vis absorption spectra of MAPbX3 (X = Cl, Br, I) QDs.
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air stability of SC n-butylamine-passivated MAPbI3 QDs can be ex-
plained from the following aspects. First, SC n-butylamine is nimbler
than the LC n-octylamine under the same experimental conditions,
which leads to the rapid assembly of SC n-butylamine ligands on the
surface of MAPbI3 QDs. Such rapid assembly is beneficial to shorten the
exposure time of MAPbI3 QDs. Second, due to the small steric hindrance
effect [36,37], SC n-butylamine can more compactly assemble on the
MAPbI3 QDs surface, as shown in Fig. 2a. This compact assembly can
better passivate the surface defects of MAPbI3 QDs. Third, the compact
assembly can be considered as a dense hydrophobic protective layer to
resist the external moisture intrusion. Last but not least, the stronger
adsorption energy between short-chain n-butylamine and perovskite,
which could enhance the stability of ligand assembly on MAPbI3 QDs
surface [32]. The compacter assembly of n-butylamine on the surface of
MAPbI3 QDs can be confirmed by thermogravimetric analysis (TGA), as
shown in Fig. S5. The first major weight loss is caused by the release of
CH3NH3I and ligands, and the second major weight loss is attributed to
the PbI2 [38]. As we know, the weight percentage of MAI in MAPbI3 is
25.6%. Based on the TGA data, the weight percentages of MAI, ligands
and PbI2 can be calculated, as shown in Table S2. The higher weight
percentage of ligands reveals that n-butylamine is more densely as-
sembled on the surface of MAPbI3 QDs. On the contrary, the LC n-oc-
tylamine and OA are more prone to entanglement, which severely
hinders the compact assembly of ligands on the surface of MAPbI3 QDs.
Due to this incompact assembly, some exposed surfaces of MAPbI3 QDs
make moisture intrusion easier. Therefore, the SC n-butylamine-passi-
vated MAPbI3 QDs exhibit higher air stability than LC n-octylamine-
passivated MAPbI3 QDs. Besides, compared with the insulated LC n-
octylamine, the SC n-butylamine is more conducive to the injection and
transport of charge in the electroluminescence (EL) device [2,39], as
shown in Fig. S6.

The PL spectra of MAPbI3 QDs passivated with SC n-butylamine and
LC n-octylamine are comparatively illustrated in Fig. 2c. It is clearly
seen that the emission intensities increase as the length of ligands de-
creases. MAPbCl3 and MAPbBr3 QDs passivated with n-butylamine and
n-octylamine have a similar change trend, as shown in Fig. S7. Higher
emission intensity appears in the spectra of SC n-butylamine-passivated
MAPbX3 QDs can be ascribed to the enhanced surface passivation.
Among the normalized emission spectra of MAPbX3 QDs in these in-
serted figures (Fig. 2c, S7c and S7d), SC n-butylamine-passivated
MAPbX3 QDs possess the narrower emission spectra. The narrow
emission spectra are originated from the rapid and compact assembly of
nimble SC n-butylamine on the surface of perovskites. Such compact
coverage can effectively suppress the crystal growth and ensure the
uniform size distribution of MAPbX3 QDs (Fig. S7b). In contrast, the
heavy steric hindrance effect and mutual entanglement of LC n-octy-
lamine will increase the difficulty of complete surface passivation, re-
sulting in the uneven size distribution and broadening emission spectra
of MAPbX3 QDs, as shown in Fig. S7a.

The TRPL of MAPbI3 QDs passivated with SC n-butylamine and LC
n-octylamine are shown in Fig. 2d. The decay curves can be well fitted
by the biexponential function, the corresponding values are summar-
ized in Table S3. The average lifetimes of MAPbI3 QDs passivated by LC
n-octylamine and SC n-butylamine are calculated to be 77.58 and
96.15 ns, respectively. LC n-octylamine-passivated MAPbI3 QDs had
τ1 = 10.40 ns (ƒ1 = 13.89%) and τ2 = 88.42 ns (ƒ2 = 86.11%), while
SC n-butylamine-passivated MAPbI3 QDs had τ1 = 10.10 ns
(ƒ1 = 9.98%) and τ2 = 105.69 ns (ƒ2 = 90.02%). The decreased f1 of SC
n-butylamine-passivated MAPbI3 QDs means that the fraction of defect-
assisted recombination lifetime is decreased, which indicates that SC n-
butylamine-passivated MAPbI3 QDs have a fewer surface defect. The
increased f2 of SC n-butylamine-passivated MAPbI3 QDs reveals the
increase of radiative recombination rate, which is very consistent with
the increased PLQY [40,41]. Consequently, the combination of low-
dose DMF and SC n-butylamine is an effective strategy to enhance the
PLQY and air stability of MAPbI3 QDs. However, the extremely low

dose of DMF is also detrimental to the air stability of MAPbI3 QDs, as
shown in Figs. S8 and S9. Reducing the dose of DMF will increase the
supersaturation of the precursor and thus speed up the reaction (nu-
cleation and growth). It is difficult to guarantee the uniformity of size if
the reaction speed is too fast, and some unwanted crystal structures and
impurities will be generated [28].

The microstructure, size distribution and crystalline structure of
MAPbI3 QDs was investigated by the TEM and XRD, as shown in Fig. 3,
S10 and S11. TEM images of SC n-butylamine-passivated MAPbI3 QDs
evidently present the excellent dispersibility with a size distribution
ranging from 4 to 10 nm (Fig. 3a) and the average size of about 6.9 nm
(Fig. 3c). As shown in Fig. 3b, the lattice plane spacing of 2.34 Å
measured in HRTEM corresponds to (2 0 0) plane of cubic phase of
MAPbI3, and the clear lattice fringes reveal that the high crystallinity of
MAPbI3 QDs. Fig. 3d obviously presents that the XRD pattern of the
sample can be matched well with the cubic-phase CH3NH3PbI3
[42–44]. The typical diffraction peaks at 2θ with 14.06°, 28.42°, 31.66°,
34.98°, 40.76° and 43.16° correspondingly are (1 0 0), (2 0 0), (2 1 0),
(2 1 1), (2 2 0) and (3 0 0), respectively. These results suggest that SC n-
butylamine can be a common and excellent ligand for preparing
MAPbI3 QDs.

In order to further determine the potential utilization value of
MAPbI3 QDs in plant cultivation LEDs, a far-red-emitting LED was
fabricated using a combination of UV chip and as-prepared sample. The
EL spectrum of the fabricated LED is shown in Fig. 4b, the far-red
emission light (735 nm) can be exploited to accelerate the growth of the
indoor plants [26,27]. The CIE chromaticity coordinated of the fricated
LED is (0.7326, 0.2674), and the coordinate position is labeled as a
diamond in the CIE chromaticity diagram, as shown in Fig. 4a.

Furthermore, this combination strategy can be also extended to
synthesize an array of spectrum-tunable MAPbX3 QDs from near-ul-
traviolet (NUV) to visible region by accurately controlling the compo-
sition ratio of halogen. Fig. 5a and 5b present the color-tunable pho-
tographs of a range of MAPbX3 (X = Cl, Br, I) QDs under ambient and
UV light as well as their normalized emission spectra (further in-
formation is summarized in Table S4). The emission wavelength of
MAPbX3 can be adjusted from 388 to 735 nm, and the FWHM of the
emission spectra are ranging from 16 to 50 nm. Compared with pre-
vious reports, the blue-shifted emission wavelength of MAPbCl3 may be
ascribed to the quantum size effect. The rapid and compact assembly of
nimbler SC n-butylamine can effectively inhibit the growth and ag-
gregation of MAPbCl3 QDs. The XRD patterns of SC n-butylamine-pas-
sivated MAPbX3 QDs with various compositions are illustrated in
Fig. 5c. All these samples present a similar cubic structure of MAPbBr3
[11], obviously revealing hardly changed crystal structure with chan-
ging composition. Fig. 5d presents the PL emission spectra and UV–vis
absorption spectra of MAPbX3. For MAPbBr3, there is a strong absorp-
tion peak at 480 nm and its Stokes shift (SS) is calculated to be about
40 nm. This large SS can effectively improve the PLQY (85%) of
MAPbBr3 due to the low self-absorption [45,46]. The corresponding
PLQYs of as-prepared MAPbX3 are listed in Fig. 5d. Furthermore, the
TEM images, HRTEM images and size distribution of n-butylamine-
passivated MAPbCl3 and MAPbBr3 QDs are shown in Fig. S12. The
average particle sizes of MAPbCl3 and MAPbBr3 QDs were 4.3 nm and
4.7 nm, respectively. These results evidently indicate the excellent ef-
fectiveness of this internal-external combination strategy for the pre-
paration of MAPbX3 QDs with high air stability, adjustable emission
spectra, high PLQY, and high crystallization.

4. Conclusion

In this paper, we have reported an ingenious and simple combina-
tion strategy to prepare air-stable MAPbI3 QDs by simultaneously re-
ducing internal-external defects. Reducing the dose of DMF is one of the
simplest but most powerful ways to reduce the internal iodine vacancies
and external residual solvent molecules, thereby achieving the
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objective of reducing internal crystal defects. Meanwhile, using nimble
SC n-butylamine as amine ligand can effectively repair the external
surface defects of MAPbX3 QDs, and the formed compact hydrophobic
protective layer can effectively resist the invasion of moisture. This
faultless combination between reduced defect and enhanced surface
passivation can significantly improve the stability of MAPbI3 QDs in
ambient air. The PLQY of SC n-butylamine-passivated MAPbI3 with
low-dose DMF still maintained 59% after 20 days, while LC n-octyla-
mine-passivated MAPbX3 QDs with high-dose DMF rapidly degraded in
only a few minutes. Moreover, due to the enhanced surface passivation,
the PLQY of SC n-butylamine-passivated MAPbI3 QDs (80%) is much
higher than LC n-octylamine-passivated MAPbI3 QDs (42%). These
high-efficiency red MAPbI3 QDs with long-term air-stability have con-
siderable application foreground in plant cultivation LEDs. Except for
these, this combination strategy could be extended to prepare a series of
color-tunable (388 ~ 735 nm) MAPbX3 QDs with narrow FWHM and
high PLQY. Evidently, these results provide some new inspiration for
further realizing the high stability, high efficiency and commercial
application of MAPbX3 QDs.
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