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ABSTRACT: CsPbI3 perovskite quantum dots (QDs) are more
unstable over time as compared to other perovskite QDs, owing to
ligand loss and phase transformation. The strong red emission from
fresh CsPbI3 QDs gradually declines to a weak emission from aged
QDs, which PLQY dropped by 93% after a 20 day storage; finally, there
is no emission from δ-phase CsPbI3. The present study demonstrated a
facile surface treatment method, where a sulfur−oleylamine (S-OLA)
complex was utilized to passivate the defect-rich surface of the CsPbI3
QDs and then self-assembly to form a matrix outside the CsPbI3 QDs
protected the QDs from environmental moisture and solar irradiation.
The PLQY of the treated CsPbI3 QDs increased to 82.4% compared to
initial value of 52.3% of the fresh QDs. Furthermore, there was a
significant increase in the colloidal stability of the CsPbI3 QDs. Above
80% of the original PLQY of the treated QDs was reserved after a 20 day storage and the black phase could be maintained for three
months before transforming to the yellow phase. The introduction of S-OLA induced the recovery of the lost photoluminescence of
the nonluminous aged CsPbI3 QDs with time to 95% of that of the fresh QDs. Furthermore, the photoluminescence was maintained
for one month. The increase in the stability and photoluminescence are critical for realizing high-performance perovskite-QD-based
devices. Therefore, this work paves the way for increasing the performance of perovskite-based devices in the near future.
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Lead halide perovskites (APbX3; A = methylammonium
(MA), formamidinium (FA), or cesium (Cs) and X = Cl−,

Br−, or I− or a combination thereof) are widely utilized in
photovoltaic and optoelectronic applications owing to their
outstanding optical and electrical properties. They are
inexpensive substances with tunable bandgaps,1 high light-
absorption efficiencies, low exciton binding energies (e.g., 10
meV for MAPbI3),

2 high photoluminescence quantum yields
(PLQYs) of up to 100%,3,4 and high charge-carrier mobilities
of tens of cm2 V−1 s−1.5 These perovskites have been recently
applied as efficient emissive layers in light-emitting diodes
(LEDs),6−8 light-absorbing layers in solar cells9−13 and
photodetectors,14−16 and active films in gas sensors.17,18

They have also been utilized in memory devices19−21 and for
photocatalysis.22 The research on perovskite solar cells has
advanced rapidly in the past decade. A substantial increase has
been achieved in the power conversion efficiency from 3.8%,
with an active area of 0.24 cm2 (2009) to 23.7% with large-area
devices (>1 cm2) and modules (10 cm2).23 There has been
marked growth in the external quantum emission of lead-halide
perovskite LEDs to greater than 20% with multicolor from
green to red.24−26 The flexible perovskite LEDs were also first
made in 2014.27 The intensive research on electron and hole

transport layers has also contributed to the increase in the
power conversion efficiency of perovskite solar cells.28,29

Initially, organometallic halide perovskites were developed
for photovoltaic applications (e.g., MAPbI3 in 2009). However,
all-inorganic halide perovskites have attracted significant
research interest in recent times owing to their higher
stabilities as compared to those of organometallic halide
perovskites.30 All-inorganic cesium halides (CsPbX3) in the
form of colloidal quantum dots (QDs) exhibit excellent PLQYs
of greater than 90%.31,32 Cesium lead iodide (CsPbI3) is the
most suitable candidate among the inorganic halide perovskites
for application in photovoltaic devices owing to its optimal
bandgap (∼1.73 eV). The deep red emission (650−700 nm)
from CsPbI3 is also promising for display applications and
solid-state lighting. The application of warm-white LEDs in
lighting applications and red LED in horticultural lighting is
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important and requires extensive studies. However, CsPbI3
undergoes rapid phase transition,33 which is attributed to the
strong ionic bond of Cs+ with the [PbX6

+]4− octahedron. The
Goldschmidt tolerance factor and the octahedral factor of
CsPbI3 are 0.893 and 0.47, respectively, and these values are
borderline.34 Marronnier et al. investigated the phase transition
pathway of CsPbI3.

35 The results revealed that cooling results
in the transformation of the cubic α phase to the orthorhombic
δ phase, while heating results in the reverse transformation to
the α phase. Swarnkar et al. reported that nanoscale α-CsPbI3
QDs, which are capped by organic ligands, are stable at low
temperatures.36 The use of nanosized organometal halide
perovskites is beneficial for size adjustment. This not only
ensures tunable bandgaps, but also facilitates surface treatment
that increases the stability of the perovskite.37 However, the
capping ligands can easily desorb from the QD surface because
of their dynamic nature and the ionic nature of QDs. Ligand
loss generates directly exposed atoms and traps at the surface
of QDs.38,39 This induces a rapid decrease in the luminescent
emission and the stability. The sensitivity of CsPbI3 QDs to
temperature, radiation, and humidity is higher than that of
CsPbBr3 QDs. The CsPbI3 QDs that exhibit strong red
emission gradually lose their luminescence within a short
duration and do not emit any light under UV irradiation.40

This is attributed to the ligand loss and the phase
transformation. Various strategies, such as A-site doping, B-
site doping, and ligand modulation, have been developed to
stabilize the cubic α phase of CsPbI3 QDs.34 Wasim et al.
successfully doped CsPbI3 with 4.8% Mn via a postsynthesis
method to achieve the long-term stability (one month) of the
black perovskite phase.41 The B-site exchange induces the
blue-shift of the optical spectra due to the perovskite lattice
contraction.42 The surface treatment methods, which have
limited impact on the perovskite structures, have been
developed to passivate the surface and decrease the photo-
luminescence (PL) loss of CsPbI3. There have been studies on
the use of phosphine and phosphonic acid derivatives,
including trioctylphosphine (TOP),43 trioctylphosphine bis-
(2,2,4-trimethylpentyl)phosphonic acid,44 and a (TOP)−PbI2
complex,45 to passivate the surface of CsPbI3 QDs; thus, the
colloidal stability of CsPbI3 QDs can be increased. The
phosphine oxide molecule was utilized to passivate the QD
film, which produced high efficiency perovskite QD-based
LEDs.46 The application of 2,2-iminodibenzoic acid or μ-
graphene to stabilize the cubic phase of CsPbI3 has also been
explored. However, these organic compounds are hazardous.
Therefore, a facile surface treatment using sodium sulfide,
which is more ecofriendly than phosphine-based compounds,
was developed in the present study to increase the PL intensity
and colloidal stability of CsPbI3 QDs. The treatment involved
the combination of S2−, which was dissociated from Na2S, with
oleylamine (OLA) in hexane or toluene (marked as S-OLA).
The CsPbI3 QDs were synthesized using the hot-injection
method and treated with different amounts of S-OLA. S-OLA
acted as an etchant and removed the nonradiative defects on
the surfaces of the CsPbI3 QDs. Furthermore, it passivated the
surfaces of the CsPbI3 QDs, thereby ensuring protection from
humidity and solar irradiation. When the nonemissive aged
CsPbI3 QDs were treated with S-OLA, their PL emission was
gradually recovered and maintained for a month.

■ EXPERIMENTAL SECTION

Chemicals. Cesium carbonate (Cs2CO3, 99.9% (with trace
metals)), lead(II) iodide (PbI2, 99.999%), oleic acid (OA,
technical grade, 90%), OLA (technical grade, 70%), 1-
octadecene (ODE, technical grade, 90%), butylamine (BTA,
99.5%), octylamine (OTA, 99%), dodecylamine (DDA, 98%),
and sodium sulfide (Na2S) were purchased from Millipor-
eSigma, Missouri, U.S.A. Methyl acetate (MeOAc, anhydrous,
99%) was purchased from Alfa Aesar (Thermo Fisher
Scientific), Massachusetts, U.S.A. All the chemicals were
used as purchased without further purification.

Synthesis and Purification of the CsPbI3 QDs. Initially,
326 mg of Cs2CO3 was loaded into a 100 mL three-neck flask
with 16 mL of ODE and 1 mL of OA. The solution was dried
for 1 h at 120 °C and then heated to 150 °C until the complete
reaction of the entire Cs2CO3 with OA. This solution was kept
in stock and preheated before use.
Subsequently, 30 mL of ODE, 520 mg of PbI2, 3 mL of OA,

and 3 mL of OLA were loaded into a 100 mL three-neck flask.
The flask was filled with N2, and the contents were stirred
under a constant N2 flow at 120 °C. The temperature of the
solution was increased to 160 °C after the complete dissolution
of PbI2. Thereafter, 2.4 mL of the prepared preheated Cs-
oleate solution was rapidly injected into the solution, and the
reaction mixture was cooled in an ice bath after a 5 s reaction.
MeOAc (60 mL) was added to the reaction mixture, which was
then centrifuged at 8000 rpm for 10 min. Subsequently, the
precipitate was dispersed in 120 mL of hexane and centrifuged
again to remove the unreacted PbI2 and the aggregates. The as-
synthesized CsPbI3 QD solution was marked as a fresh sample.
The fresh sample that was stored under ambient conditions for
20 days was marked as the aged sample.

Surface Treatment. The surface treatment involved the
dissolution of 39 mg of Na2S into 10 mL of hexane and 100 μL
of OLA in a 20 mL vial. This solution was stirred overnight.
The use of short-chain amines to assist the loading of S2− on
the surfaces of the QDs was also examined. Decantation was
performed to obtain 0.05 M S-OLA (C18), S-DDA (C12), and
S-OTA (C8) in the hexane solution. The S-amine solution (20,
40, 60, 80, and 100 μL) was added to 2 mL of the as-
synthesized CsPbI3 QDs. The mixture was kept undisturbed
for 1 day and centrifuged to obtain the final products, that is,
the fresh-treated-20, fresh-treated-40, fresh-treated-60, fresh-
treated-80, and fresh-treated-100 samples. The surface treat-
ment reactions were conducted on both the fresh and aged
samples.

Characterization. The ultraviolet−visible (UV−vis) ab-
sorption spectra were obtained using UV−vis spectropho-
tometry (Varian Inc. (Agilent Technologies, Inc.), California,
U.S.A.). The fluorescence spectra were obtained via
fluorescence spectrophotometry (Varian Inc. (Agilent Tech-
nologies, Inc.), California, U.S.A.). The structure of the
resulting QDs was analyzed via X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The presence of S
was determined using X-ray photoelectron spectroscopy (XPS)
and energy-dispersive X-ray spectroscopy (EDS). PL lifetime
was measured by FluoTime 300. Picosecond-pulse laser head
(LDH-P-C-405B, PicoQuant) was used to excite the samples
with a laser of 405 nm wavelength. Photon counting detector
(PMA Hybrid 07) and time-correlated single photon counting
(TCSPC) module (PicoHarp, PicoQuant) were used to detect
the PL decay and calculate the PL lifetime of samples. PLQY of

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.0c01952
ACS Photonics 2021, 8, 1979−1987

1980

pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.0c01952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


perovskite QDs solutions was measured using a JASCO
FP8500 spectrofluorometer that was equipped with a 100 mm
integrating sphere (ILF-835). The PLQY values were
calculated by Jasco SpectraManager II software.

■ RESULTS AND DISCUSSION
The experiment was performed under ambient conditions (30
°C and 80% relative humidity), and all the samples were stored
under the ambient conditions without inert gas protection.
The CsPbI3 QDs were synthesized using the hot-injection
method. Subsequently, they were washed with methyl acetate,
separated from the crude solution via centrifugation, and
dispersed in hexane to form the fresh CsPbI3 QDs. During
stirring Na2S in hexane along with oleylamine, the oleylamine
was transferred to the oleylammonium form (C18H35NH3

+),
then interacted with S2− as an ion pair (C18H35NH3

+−S2−).
Different quantities of the S-OLA solution (20, 40, 60, 80, and
100 μL) were added to 2 mL each of the fresh QDs. The
passivation treatment of the surfaces of the QDs happened, as
illustrated in Scheme 1. When S-OLA was introduced to the

QD solution, it was adsorbed on the surface of the QDs,
inducing an initial decrease in PL; however, the peak position
was still maintained at 693 nm. Under the etching effect of S-
OLA, the surface cesium cations Cs+ and iodide anions I− were
likely to dissolve into solution. Meanwhile, a quantity of S-
OLA was strongly anchored on the surface via the interatomic
interaction of S and exposed Pb to form Pb−S bonds.47

Therefore, a blue-shift was witnessed and the PL was recovered
after the completion of the passivation (Figure S1). This new
ligand layer helped to remove surface trap defects and
protected the CsPbI3 QDs from impact of humidity because
of the lower solubility of PbS compared to PbI2.
Figure 1 presents the evolution in the optical properties of

the CsPbI3 QDs after the treatment. The absorption curves of
the fresh-treated samples were identical to those of the fresh
samples (Figure 1a). The intensity of the PL of the treated
samples gradually increased then decreased as the volume of S-
OLA increased from 0 to 100 μL with the maximum value was
reached at 60 μL (Figure 1b). Consistently, the PLQY
witnessed an increase from 52.3% in initial to 82.4% (Figure
1d) with the addition of 60 μL of S-OLA then decreased to
79% and 74.9% when the volume of S-OLA surpassed 60 μL.
This indicated that the presence of excess S2− lowered the PL
emission from the QDs. The increase in the PL intensity with
the increase in the volume of S-OLA accompanied the blue-
shift of the PL peak that was attributed to the passivation effect
(Figure 1c). The passivation of trap states can blue-shift the PL
peak because the spontaneous radiative recombination
between them can red-shift the emission peak compared
with that from the band edge transition.48

Short-chain amines (C12 and C8) were also utilized as
ligands to assist the loading of S2− on the surfaces of the QDs.
The effects of the addition of DDA (C12) and octylamine
(C8) were similar to those of the addition of OLA (C18)

Scheme 1. Schematic Illustration of the Mechanism of the
Passivation Treatment with S-OLA on the CsPbI3 QD
Surfaces

Figure 1. (a) Absorption spectra, (b) PL spectra, (c) PL wavelength peaks, and (d) PLQY of the fresh CsPbI3 QDs treated with different amounts
of S-OLA after 1 day.
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(Figure S2). This observation confirmed that the passivation
ability of S2− on the surfaces of the QDs decreased the surface
defects; thus, the nonradiative recombination was also
decreased. Therefore, there was an increase in the PL intensity
of the fresh-treated QDs. According to the absorption spectra
of the aged and aged-treated CsPbI3 QDs shown in Figure S3,
S-OLA treatment did not affect the bandgap of aged samples.
Furthermore, the PL spectra of OLA and S-OLA samples
shown in Figure S4 indicated that S-OLA treatment is more
effective than OLA treatment.
The fresh CsPbI3 QD solution gradually turned dark after

prolonged storage. The fluorescence emission was steadily
quenched over 20 days (aged QDs); subsequently, it
underwent decay. The PLQY of the aged QD solutions,
indicated by the black solid line in Figure 2b, dropped to 3.5%,
indicated by the black dotted line in Figure 2b. The
fluorescence of the aged CsPbI3 QD solutions was recovered
after the introduction of S-OLA. The aged QD solutions

transformed from black to bright red and exhibited strong red
emission under UV light (Figure 2a) after the addition of S-
OLA. The PL intensity of the aged QDs was recovered to 59%
of the initial intensity of the fresh CsPbI3 QDs after the
addition of 20 μL of S-OLA. The PL intensity of the aged QDs
continued to increase with the increase in the volume of S-
OLA and reached 95% of the initial intensity of the fresh QDs
with the addition of 80 μL of S-OLA. The PL peaks of the aged
QDs were red-shifted by 4 nm as compared to those of the
fresh QDs. However, the PL peak of the sample that was
treated with 80 μL of S-OLA exhibited a blue-shift of
approximately 3 nm (inset of Figure 2b) after the treatment,
which was consistent with the previous reports.49

Figure 3a shows the evolution of the XRD patterns of both
the fresh and aged CsPbI3 QDs before and after the treatment.
The two primary peaks at 14.3° and 28.8° in the XRD patterns
corresponded to the (100) and (200) planes of bulk
perovskites. The XRD patterns for the fresh and fresh-treated

Figure 2. (a) Photos of the aged CsPbI3 QDs with different amounts of S-OLA under daylight (top) and UV light (wavelength = 365 nm; bottom).
(b) PL spectra of the aged CsPbI3 QDs with different amount of S-OLA.

Figure 3. (a) XRD patterns and (b) time-resolved PL spectra of the fresh, fresh-treated (60 μL of S-OLA), aged, and aged-treated (80 μL S-OLA)
CsPbI3 QDs.
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samples were similar. This indicated that S2− did not exert any
significant effect on the crystal structure of the CsPbI3 QDs.
The magnification of the peaks at 14.3° and 28.8° in the XRD
patterns of the fresh-treated samples revealed a slight peak shift
toward lower angles. This might be attributed to the
compressive internal stresses or the lattice dilation.50 The
XRD spectra in Figure S5 showed that all the fresh-treated
samples remained in the cubic α phase. Distinct PbS peaks
were observed in the XRD patterns of the fresh-treated-80 and
fresh-treated-100 QDs. This might have resulted in the
decrease in the PL intensity with the increase in the volume
of S-OLA beyond 60 μL. Prolonged aging resulted in the
appearance of new peaks in the XRD patterns of the aged QDs.
Furthermore, the two primary peaks at 14.3° and 28.8° in the
XRD patterns shifted toward higher angles. This indicated the
occurrence of phase transformation. The new peaks
disappeared after the addition of S-OLA, while the intensities
of the two primary peaks increased.
The time-resolved PL decay curves were fitted by

triexponential decay functions of I(t) = A1e
−t/τ1 + A2e

−t/τ2 +
A3e

−t/τ3. The average PL lifetime was calculated by τavg = (A1τ1
2

+ A2τ2
2 + A3τ3

2)/(A1τ1 + A2τ2 + A3τ3). The time-resolved PL
increased from 61.6 ns for the fresh CsPbI3 QDs to 68.1 ns for
fresh-treated-60 QDs due to the suppression of nonradiative
surface defects (Figure 3b and Table S1). This result further
confirmed the passivation effect of S-OLA on the surface of
CsPbI3 QDs. Furthermore, the PL lifetime of aged QDs also
showed an increase after treatment, from 5.1 ns to 53.5 nm.
This is because of the suppression of abundant nonradiative
combination centers formed during aging.

The Fourier transform infrared (FTIR) spectrum of four
kinds of samples are exhibited in Figure S6. The OLA and OA
exist as oleate and oleylammonium for perovskite QD ligands
that is presented by signals at 1646 and 1638 cm−1,
respectively.51,52 These signals were exhibited on fresh QDs.
After aging, the peak of COO− and NH3

+ is reduced and a new
peak at 1710 cm−1 that corresponded to CO stretching of
−COOH. This means during storage, the removal of ligands
occurred along with the transformation from oleate species to
OA that weakens the ligand shell protection. The CO
stretching of OA confirmed the occurrence of ligand exchange.
The absence of the CO stretching and the presence of the
strong N−H peak in the FTIR spectra of the aged treated
samples suggested that OA was replaced by the S-OLA
complex after the treatment. Bodnarchuk et al. reported that
the presence of excess OA accelerated the decrease in the
fluorescence quantum yield during storage. Therefore, the
replacement of the undesirable oleate group with S-OLA
facilitated the increase in the stability of the QDs. On the other
hand, we can see that the intensity of strong sharp C−H
stretching of the long alkyl chain of ligand at 2800−3000 cm−1

in the aged QDs reduced compared to that of the fresh QDs.
This is because of the removal of ligands during storage. These
peaks become stronger after passivation that confirms binding
of more ligands to the QD surface.
The TEM images of the fresh and fresh-treated QDs

indicated the presence of cubic particles with average sizes of
15.2 and 14.3 nm, respectively (Figure 4a), which was in line
with the blue-shift in PL results.53 A well-defined cubic
structure with a lattice spacing of 0.62 nm was observed in the

Figure 4. (a) TEM images (50 nm scale bar) and (b) HRTEM images (5 nm scale bar) of the fresh, fresh-treated, aged, aged-treated CsPbI3 QDs.
(c) EDS mapping of the fresh-treated CsPbI3 QDs.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.0c01952
ACS Photonics 2021, 8, 1979−1987

1983

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01952/suppl_file/ph0c01952_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01952/suppl_file/ph0c01952_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01952/suppl_file/ph0c01952_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.0c01952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


high-resolution (HR) TEM images of both the fresh and fresh-
treated QDs (Figure 4b). The sizes of the QDs slightly
decreased after the passivation treatment, thereby confirming
the removal of nonradiative defects from the surface. These
results were consistent with the increase in the full width at
half-maximum (fwhm) of the XRD peaks from 0.81 to 0.85.

The aged QDs became larger after prolonged storage, and
their corners became rounded. This was attributed to the loss
of the ligands from the surface of the QDs that resulted in
aggregation and phase transformation. The sizes of the aged
and regenerated QDs were 21.6 nm (lattice spacing = 0.617
nm) and 20.4 nm (lattice spacing = 0.63 nm), respectively.
Marronnier et al. reported that when the α phase with the

Figure 5. High-resolution XPS spectra of Cs 3d, I 3d, Pb 4f, and S 2f of the fresh and fresh-treated CsPbI3 QDs.

Figure 6. (a) Colloidal solutions of the fresh and fresh-treated-60 QDs under daylight and UV light. (b) Stability of the PL intensity over time. (c)
Normalized XRD patterns after the storage of the fresh and fresh-treated-60 QDs for different times.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.0c01952
ACS Photonics 2021, 8, 1979−1987

1984

https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952?fig=fig6&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.0c01952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Pm3̅m space group transformed to the γ phase with the Pbnm
space group, the decrease in the lattice constants corresponded
to the decrease in the lattice spacing.35 This indicated the
occurrence of phase transformation during aging. The decrease
in the size of the QDs after the treatment with S-OLA
corresponded to the blue-shift in the PL position. This
observation was consistent with that in a previous report,
where the size of the perovskite decreased under vigorous
stirring in the presence of ligands.47,54,55 The spacing between
the QDs not only became more uniform but also increased
after the treatment with S−OLA. This indicated the absorption
of new ligands on the surfaces of the QDs. The results of the
EDS mapping of the fresh-treated CsPbI3 QDs (Figure 4c)
elucidated the interaction between S-OLA and the surfaces of
the QDs. S2− was evenly distributed with Pb in the CsPbI3
crystals. This indicated that the strong affinity between S-OLA
and Pb resulted in the binding of S-OLA with Pb on the
surfaces of the QDs. Size distribution histograms of fresh,
fresh-treated-60, aged, aged-treated-80 CsPbI3 QDs are shown
in Figure S6.
XPS analysis was conducted using the fresh and fresh-treated

QDs to elucidate the bond and valence states of the elements
in the CsPbI3 QDs before and after passivation. Figure 5 shows
the high-resolution XPS spectra of Cs 3d, I 3d, Pb 4f, and S 2p
that were calibrated with C 1s. The Pb 4f and I 3d peaks
shifted to higher binding energies in the XPS spectra of the
fresh-treated CsPbI3 QDs as compared to those in the XPS
spectra of the fresh QDs after the incorporation of S2−.
However, no peak shift was observed for Cs 3d. The peaks in
the Pb 4f spectrum that corresponded to the 4f7/2 and 4f5/2
oxidation states of Pb shifted from 137.9 to 138.3 eV and 142.8
to 143.1 eV, respectively. This shift could be caused by the
formation of stronger ionic bonding between Pb2+ and S2−.56

The peaks in the I 3d spectrum that corresponded to the 3d5/2
and 3d3/2 oxidation states of I shifted from 618.7 to 618.9 eV
and 630 to 630.3 eV, respectively. These shifts were ascribed to
the adjustment in the chemical bonding between Pb2+ and I−

owing to the incorporation of S2−. The presence of the S 2p
peak at 158.8 eV was detected in the treated sample. This
suggested the formation of the S−Pb bond that was consistent
with the results of EDS mapping.57

The fresh and fresh-treated CsPbI3 QD solution was stored
in air, and the variation in the relative PL intensity with time
was recorded. Thus, the stability of the colloidal CsPbI3 QDs
was determined. The PL intensity of the fresh QD solution
decreased by 30% after 1 day; subsequently, it decreased to
20% and 5% of the initial intensity after 7 and 15 days,
respectively (Figure 6b). New defects were formed owing to
the loss of the OLA and OA ligands from the surfaces of the
QDs. The PL intensity of the treated CsPbI3 QDs decreased to
92% of the intensity of the fresh QDs after 7 days, before
leveling off at approximately 80% of the initial intensity. A total
of 30 days of storage under the ambient conditions induced the
transformation of the fresh CsPbI3 QDs to the yellow δ phase;
however, the fresh-treated QDs remained in the black phase
(Figure 6a) with only a 20% decrease in their PL intensity
(Figure 6c). The black phase of fresh-treated QDs was stable
for more than three months before transforming to yellow
nonperovskite phase. These results indicated that the S-OLA
complex was effectively absorbed on the surfaces of the QDs,
unlike that for OLA/OA, owing to the strong affinity between
S and Pb. This suppressed not only the ligand loss from the
surfaces of the QDs but also the formation of new defects.

Moreover, this passivation could protect the surface of QDs
from humidity because of extremely low solubility of PbS
compared to PbI2.

56 Thus, the PL loss was successfully
inhibited. Furthermore, with passivation, the lifetime reduced
from 68.1 to 51.3 ns after aging while a remarkable decrease
from 61.6 to 5.1 ns was observed in fresh QDs (Table S1).
Without passivation, the native ligand easily desorb from the
surface leaving the surface trap states as nonradiative defects
resulting in degradation of the optical properties of colloidal.
And without the protection of the ligand shell, the moisture
easily comes in contact with QDs, causing phase transition.

■ CONCLUSIONS
The significant impact of the ligands and the surface defects on
the PL emission from CsPbI3 QDs was investigated in the
present study. A facile surface passivation treatment using S-
OLA was conducted to eliminate the surface defects of the
CsPbI3 QDs, thereby increasing the PLQY of the QDs from
52.3% to 82.4%. The treatment was effective for both the fresh
and aged samples, and it increased the PL emission lifetime
without disrupting the crystal structure. The suppression of the
luminescence quenching over time in a highly humid
environment indicated the adequate passivation of the surfaces
of the QDs. The S-OLA ligands were effectively anchored to
the CsPbI3 QDs via Pb−S bonds after the passivation.
Therefore, the ligand loss and the agglomeration of the QDs
were prevented; the CsPbI3 QD solution can retain its
fluorescent phase for more than three months.
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