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Facial synthesis of highly stable and bright CsPbX,
(X=Cl, Br, I) perovskite nanocrystals via an anion
exchange at the water-oil interface

Cong Fangl, Ye Li', Yuting Cai, Tian-Liang Zhou!, Xueyuan Tangl’z* and Rong-Jun Xie'”

ABSTRACT
(NCs) have attracted unprecedented attention owing to their

Cesium lead halide perovskite nanocrystals

compelling properties for optoelectronic applications. Com-
pared with the classical hot-injection method, the room-
temperature (RT) synthetic strategy is more facile and tender,
but it is hard to obtain stable CsPbI; NCs and it usually uses
polar solvents that sometimes reduce the stability and prop-
erties of NCs. Here, we reported a simple approach to syn-
thesize highly efficient and stable CsPbl; as well as other color-
tunable CsPbX; NCs with high quantum efficiency at room
temperature via an anion exchange at the water-oil interface,
in which the as-synthesized pristine CsPbBr; NCs in toluene
were treated in aqueous solutions of HX (X=Cl, Br, and I) and
protonated oleylamine (OAm) acted as a carrier. The synthe-
sized CsPbl; NCs had an emission at 680 nm and even showed
excellent colloidal stability after being stored for 32 d. The
high efficiency and stability of the obtained CsPbX; NCs were
ascribed to the facts that: (i) the polar reagents were almost
removed from the surface of NCs; (ii) the defect-related
nonradiative recombination was suppressed efficiently by
surface passivation.

Keywords: CsPbX;, perovskite, nanocrystals, anion exchange,
synthesis

INTRODUCTION

All inorganic cesium lead halide (CsPbX;, X=Cl, Br, and
I) perovskite nanocrystals (NCs) have recently attracted
significant attention for their extraordinary optoelec-
tronic properties [1-4], including high optical absorption
coefficient, narrow full-width-at-half-maximum
(FWHM), and tunable emissions covering the entire
visible spectra [5-8]. Therefore, CsPbX; NCs are con-

sidered as the most promising materials for the next-
generation optoelectronic devices, such as light-emitting
diodes (LEDs), solar cells, and photodetectors [9,10].

To date, there are mainly two synthetic methods for
CsPbX; NCs. One is the hot-injection reaction method
that is commonly used to prepare CsPbX; NCs with high
photoluminescence quantum yields (PLQYs), but it needs
high temperature (140-200°C) and an inert atmosphere
that result in high cost and limited output [11]. Another
one is the room-temperature (RT) synthetic method en-
abling to facilely produce CsPbBr; NCs in a high yield
without heating and stringent conditions [12-15]. How-
ever, the RT strategy is severely limited by using polar
reagents (such as dimethyl sulfoxide (DMSO) or N,N-
dimethylformamide (DMF)). These polar reagents, such
as DMF, can reduce the stability and efficiency of NCs
due to the inherent ionic characteristic of CsPbX; [16-
18]. Typically, CsPbl; NCs synthesized at room tem-
perature are easily degraded within a few days, making
the RT method not suitable for CsPbl; NCs.

There are still some obvious drawbacks in the RT
method via the anion-exchange reaction for CsPbX; NCs.
First, the toxic benzoyl halides are often used to promote
the substitution of the halide component in CsPbX; NCs
[19,20]. Second, some reagents of the halide source, such
as alkylammonium halides, will lead to the conversion of
CsPbBr; NCs into CsPbBrg and CsPb,Brs NCs [21,22].
Third, the degradation of NCs sometimes occurs due to
ultrasonic treatments and microwave irradiations that
promote the complete exchange [23-25]. In addition, the
post-synthesis processing, such as purification to remove
excess reagents, can also decrease the PLQYs. Therefore,
it is necessary to develop new RT synthetic routes to
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synthesize highly stable CsPbX; NCs, without using
DMF.

As we know, CsPbX; NCs are usually distributed in
organic solvents, such as toluene and n-hexane. Organic
solvents and water will form a water-oil interface owing
to the difference in polarity. However, the polar reagents
(i.e., DMF, DMSO) in NCs solutions tend to dissolve in
water because their polarities are similar. Therefore, it is
expected that the aqueous solution of HX (X=Cl, Br, I)
can be used to remove the polar reagents at the water-oil
surface. The aqueous solution of HX can also be em-
ployed as an active halide source to realize a high-quality
anion exchange and obtain highly luminescent CsPbX;
NCs at the water-oil surface. Furthermore, the water
passivation and halogen-rich environment can improve
the stability of CsPbX; NCs [17,26,27].

Herein, we report a facile method to synthesize full-
color CsPbX; NCs by treating the pristine CsPbBr; NCs
in the aqueous solution of HX (X=Cl, Br, I, 0.36% of HClI,
48% of HBr, 47% of HI) at room temperature. The polar
reagents at the surface of CsPbBr; NCs can almost be
removed at the water-oil interface owing to their similar
polarity to the aqueous solution of HX. Simultaneously,
the aqueous solution of HX is employed as the halide
source to demonstrate successive and accurate adjust-
ment of the maximum PL emission of CsPbX; NCs in the
full visible spectral range (410-695 nm). The resultants,
CsPbCl;, CsPbBr; and CsPbl;, show a high PLQY of 35%,
98% and 75%, respectively. The CsPbl; NCs have a PL
emission at 680 nm and an FWHM of 44 nm, exhibiting
an obviously enhanced colloidal stability. The mechanism
of the post-synthetic interface engineering is investigated
in CsPbBr; NCs. The proposed method is enabled to
synthesize highly efficient and stable CsPbX; NCs (espe-
cially CsPbl; NCs) at room temperature.

EXPERIMENTAL SECTION

Materials

Lead(II) bromide (PbBr,, 99%, Aladdin), cesium bromide
(CsBr, 99.9%, Aladdin), butyric acid (BA, AR, Aladdin),
oleylamine (OAm, 80%-90%, Aladdin), DMF (99.5%,
Aladdin), toluene (99.5%, SCRC), HI (55.0%-58.0%,
Aladdin), HBr (48%, Aladdin) and HCI (36.46%, SCRC)
were purchased from commercial sources and used as
received.

Preparation of oleylammonium bromide

Twenty-five milliliter of ethanol and 3.125 mL of OAm
were mixed in a 250-mL flask and maintained at 0°C
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using ice water bath, then 4 mL of HBr was added slowly.
After the ice water bath was removed, the mixture was
kept for 3 h under the protection of N, gas. After that, the
product was dried under vacuum to remove excess
ethanol and washed with diethyl ether. The final product
was collected after vacuum-drying at 80°C.

Synthesis of pristine CsPbBr; NCs

CsBr (0.1 mmol, 0.0212¢g), and 0.2 mmol of PbBr,
(0.0734 g) were dissolved in 5 mL of DMF absolutely via
ultrasonication, and 80 pL of OAm and 150 uL BA were
quickly injected to form a precursor solution by using a
pipettor. The precursor solution (150 L) was added to
5mL of toluene under vigorous stirring. Finally, the
bright CsPbBr; NC solution was obtained for various
characterizations and the crude solution of CsPbBr; NCs
was used for long-term storage.

Aqueous solution of HX treatment

Firstly, the aqueous solution of HCl was diluted and
employed as the reaction reagents. One milliliter of HCI,
HBr, or HI aqueous solution (0.36% of HCI, 48% of HBr,
47% of HI) was loaded in a glass bottle, and 2 mL of the
as-prepared CsPbBr; NCs in toluene was dropped inside.
Then the mixture was stored under ambient condition
and the color changed from green to blue for the HCI
aqueous solution or red for the HI aqueous solution. The
NCs solution on the water-oil interface was collected
through a pipette. Finally, the stable CsPbX; NCs solution
was obtained. The final products were used for further
analysis.

Characterization

X-ray diffraction (XRD) patterns were measured with a
Bruker D8 Advance X-ray powder diffractometer equip-
ped with Cu Ka radiation (A=1.540 A). The PL emission
spectra of the samples were investigated by a Hitachi
F4600 fluorescence spectrophotometer (Hitachi Co. Ltd.,
Japan) at room temperature. The ultraviolet-visible (UV-
Vis) absorption spectra were recorded by using a spec-
trophotometer (UV-3600 PLUS, Shimadzu Co. Ltd., Ja-
pan). The absolute PLQYs were performed using an
integrating sphere on an absolute PL quantum yield
spectrometer C11347 (Hamamatsu, Japan) and the ex-
citation wavelength was 400 nm at room temperature.
The PL decay curves were collected at room temperature
by using the FLS980 spectrometer equipped with a 445
and 375 nm pulse laser. The sizes and morphologies of
the samples were obtained via a transmission electron
microscope (JEOL, JEM-2100, Japan) operating at

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 159



ARTICLES

SCIENCE CHINA Materials

200 kV. Fourier transform infrared (FTIR) spectra were
obtained from 500 to 4000 cm ' using a Thermo Scien-
tific Nicolet iS10 FTIR spectrometer (Waltham, USA).
The X-ray photoelectron spectroscopy (XPS, Ulvac-Phi,
Inc.,, Japan) was measured to analyze the elemental
composition. The transient absorption (TA) measure-
ments were performed on a Helios pump-probe system
(Ultrafast Systems LLC) equipped with an amplified
femtosecond laser system (Coherent, 35fs, 1kHz,
800 nm) under ambient conditions. The pump pulses
(375-650 nm) were obtained by focusing the 800 nm
beam (split from the regenerative amplifier with a tiny
portion, ~400 n] per pulse) onto a sapphire plate. The
365 nm pump pulses (~2 yuJ cm °) were obtained from an
optical parametric amplifier (TOPAS-800-fs). The 'H
nuclear magnetic resonance (IH NMR) spectra of the
samples were collected using a Bruker Avance II
500 MHz NMR spectrometer (Switzerland) and the sol-
vent was CDCl,.

RESULTS AND DISCUSSION
The pristine CsPbBr; NCs, distributed in toluene, were

Normalized PL intensity
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synthesized via a traditional method (see the Experi-
mental Section). The aqueous solution of HX (X=Cl, Br,
I) was loaded in a glass bottle, and the CsPbBr; NC so-
lution was dropped inside. Then, the toluene and aqueous
solution of HX formed a water-oil interface. Bright
CsPbCl; and CsPbl; NCs were obtained via an ion ex-
change. Simultaneously, DMF in toluene was penetrated
into the aqueous solution through the water-oil interface.
As shown in Fig. 1a, when the CsPbBr; NC solution is
treated with the HI aqueous solution, a continuous red
shift of the PL spectra is observed by controlling the re-
action time (Video S1). Replacing HI by HCI results in a
blue shift of the PL spectra (Video S2). With the increase
of processing time, the continuous blue-shift from 518 to
410 nm and red-shift from 518 to 695 nm in emission
spectra are observed, respectively (Fig. 1b). As seen in Fig.
1d, the XRD peaks gradually shift to small angles or to
high angles with the halide changing from Br to I or from
Br to Cl, which leads to the lattice shrinkage or expansion
[28,29]. It should be noted that the maximum PL emis-
sion of the CsPbBr; NCs can be shifted to 695 nm or to
410 nm when they are treated in the HI or HCI aqueous
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Figure 1 (a, b) PL spectra of the pristine CsPbBr; NCs and CsPbX; NCs treated with different aqueous solutions of HX for varying reaction times.
Photos (c) and XRD (d) patterns of the pristine CsPbBr; NCs and CsPbX; (X=Cl, I) NCs prepared via the anion-exchange with different aqueous

solutions of HX.
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solution. Of course, the CsPbBr; NC solution can also be
treated with the HBr aqueous solution. The pristine
CsPbBr; NCs have a PL peak at 518 nm and a narrow
FWHM of about 18 nm. The PL peak of the CsPbBr; NCs
treated in the HBr aqueous solution is shifted to 512 nm
(Fig. S1). No obvious change is seen in the maximum PL
emission, but the treated CsPbBr; NCs show improved
photoluminescence. The synthesized CsPbCl;, CsPbBr;
and CsPbl; show a high PLQY of 35%, 98% and 75%,
respectively. In addition, the PLQYs are higher than that
of the CsPbX; NCs obtained via the anion-exchange
method in the recent report (CsPbCl;, CsPbBr; and
CsPbl; NCs possessed a PLQY of 32.4%, 90.2% and
62.7%, respectively) [23]. Compared with the classical
CsPbX; NCs prepared at room temperature, the new
CsPbX; NCs present a wider wavelength range
(410-695 nm) with higher PLQYs (Table S1). The results
indicate that the proposed method is facile and enabled to
complete the ion exchange at the water-oil interface to-
tally and to increase the PL properties of CsPbX; NCs.
The transmission electron microscopy (TEM) images
and high-resolution TEM (HRTEM) images of the pris-
tine CsPbBr; NCs and HX-treated CsPbX; NCs are
shown in Fig. 2. All NCs show a cubic morphology. The
size of the pristine CsPbBr; NCs is 12.6+1.3 nm (Fig. 2a,
e). After being treated with the HBr or HCI aqueous
solution, the size of the NCs decreases from 12.6 to
8.2 nm or to 8.7 nm (Fig. 2b, c). However, the synthesized
CsPbI; NCs have a particle size of 14 nm. Notably, the
amount of black dots adhered to the pristine CsPbBr;

NCs decreases after the treatment. It has been reported
that the black dots are metallic Pb [27,30,31], which may
originate from the decomposition of CsPbX; NCs by
DMEF. The result indicates the amount of DMF is greatly
reduced by the treatment. Furthermore, the XRD patterns
verify that the treated CsPbBr; and CsPbCl; NCs possess
orthorhombic and tetragonal structures, respectively
(Fig. S2a, b).

The stability of the CsPbl; NCs was investigated by
monitoring their PLQYs and PL intensities. After being
stored under ambient and dark conditions for 32 d, the
CsPbl; NCs show only a little change of color, while they
still have bright red emission under UV light irradiation
(Fig. 3a). As seen in Fig. 3b, the CsPbl; NCs have a cubic
structure and the structure remains unchanged after 32 d
of storage. The red CsPbl; NCs exhibit the maximum PL
emission at 680 nm and an FWHM of 44 nm (Fig. 3¢). No
obvious changes of shape and peak position are observed
in the PL spectra after 32 d. As shown in Fig. 3d, the
PLQY of CsPbl; NCs remains high at ca. 70%, and only
shows a very small decline as the storage time increases
up to 32 d. These results confirm the successful pre-
paration of stable CsPbl; NCs at room temperature.

The stability of the obtained CsPbBr; NCs was also
evaluated. As shown in Fig. 4a, the pristine CsPbBr; NC
solution has undergone an obvious color change and
aggregation after 30 d. However, the treated CsPbBr; NC
solution shows no obvious change in color and still has
bright emission under UV light irradiation. In Fig. 4b,
one can find that the PLQY of the pristine CsPbBr; NCs
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Figure 2 TEM and HRTEM images of the pristine CsPbBr; NCs (a, e), CsPbCl; NCs (b, f), CsPbBr; NCs (¢, g) and CsPbl; NCs (d, h) prepared by
treating the pristine CsPbBr; NCs with different aqueous solutions of HCI, HBr and HI, respectively.

January 2021 | Vol.64 No. 1

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 161



ARTICLES

SCIENCE CHINA Materials

Day light

365 nm

Absorbance (a.u.)

—1stday ~
— 32 day

500

550

600
Wavelength (nm)

650 700

Normalized PL intensity

PLQY (%)

—32M day
El
R —1stday
a“ﬂm A
@
c
2 ICSD-161481
- Cubic
| | | I I A
20 30 40 50
26(%)
80+
[ Q——

° ° o—o
60+ -0-CsPbl,
40+
20
0-+—————T———————

0 5 10 15 20 25 30 35

Time (d)

Figure 3 (a) Photograph comparisons of the CsPbl; NCs before and after 32-d storage, in daylight (up) and under UV light (bottom), respectively.
XRD patterns (b), absorbance and PL spectra (c) and PLQYs (d) of the CsPbl; NCs as a function of storage time.
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Figure 4 (a) Photographs of the pristine CsPbBr; NCs (1) and treated CsPbBr; NCs (2) in daylight and under UV light (left), and those of the
corresponding CsPbBr; NCs after 30 d. (b) PLQYs of the pristine (1) and treated (2) CsPbBr; NC solutions in toluene. (c) PLQYs of the pristine (1)
and treated (2) CsPbBr; NCs under UV light irradiation. (d) PLQYs of the pristine (1) and treated (2) CsPbBr; NCs in the saturated humidity at 25°C.

decreases quickly from 71% to 30% after exposure in
ambient atmosphere for 35 d, while the treated CsPbBr;

162

NCs can maintain 92% PLQY and only lose 6% of PLQY.
In addition, as seen in Fig. 4c, the treated NCs dispersed
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in toluene have a PLQY of 83% after 8h UV light
(365 nm, 6 W) irradiation, but the PLQY of the pristine
NCs dispersed in toluene decreases to 11%. We also es-
timated the water stability of these NCs in a saturated
humidity at 25°C (Fig. 4d). The relative PLQY of the
treated CsPbBr; NCs dispersed in toluene remains 90% of
the initial intensity after 7 h and nearly keeps constant
within a longer time, which is much higher than that of
the pristine CsPbBr; NCs dispersed in toluene (declines
to zero in 3 h). It indicates that the treated CsPbBr; NCs
have a much better water resistance. The improved sta-
bility and PLQY could be attributed to the surface pas-
sivation after the treatment in the aqueous solution of
HBr [17,27,32].

As we know, the decline in PLQY can be attributed to
the nonradiative pathway of surface defects [27,33-36].
The PL lifetimes of all samples were then measured to
investigate the surface changes after treatment. As shown
in Fig. 5a, the PL decay curve of the pristine CsPbBr; NCs
is multi exponential in nature. According to previous
reports, the long-lifetime is ascribed to shallow surface
defects [26,27,37]. As the treatment time increases, the
lifetime becomes shorter (Fig. S3 and Table S2). It could
originate from the removal of shallow surface defects and
the reduction in proportion of the long-lifetime compo-
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nent. Simultaneously, the PL decay curve finally becomes
single-exponential after the treatment. Similar results are
observed in the CsPbCl; and CsPbl; NCs (Fig. S4). The
PL lifetimes (1,,.) are 10.56 and 50 ns, which are close to
that of the highly luminescent NCs reported elsewhere
[23,38]. In addition, the PL decay curve of CsPbl; also
becomes single-exponential after the treatment (Fig. S4b).
The change of the PL decay curves further indicates that
the pristine product exhibits a defect-related nonradiative
recombination and the passivation strategy eliminates the
nonradiative recombination pathways effectively. Fur-
thermore, the XPS analyses of the pristine and treated
CsPbBr; NCs were performed to confirm the surface
change. We know that Pb atoms in the NCs are assumed
to have two chemical environments, one is in a higher
binding energy (BE) region for Pb—Br and another is in a
lower BE region for Pb-oleate [39]. The slightly increased
binding energy of the Pb4f peak indicates that the
number of the Pb—Br species increases in the treated
CsPbBr; NCs compared with the pristine CsPbBr; NCs,
as shown in Fig. 5b [40]. Simultaneously, according to the
quantitative XPS results, the Pb:Br ratio changes after the
treatment (Fig. S5b). The pristine sample has a Pb:Br
ratio of 1:2.97, implying a Pb-rich surface. After the
treatment, the Pb:Br ratio increases to 1:3.3, which is an
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Figure 5 (a) PL decay curves of the pristine and treated CsPbBr; NCs. (b) XPS spectra corresponding to Pb 4f of the pristine and treated CsPbBr;

NCs. TA spectra of the (c) pristine and (d) treated CsPbBr; NCs.
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indicative of a Br-rich surface environment [39]. The
results indicate that surface halogen defects contributing
to the nonradiative recombination are reduced after the
treatment [41,42]. The transient absorption (TA) spectra
were measured to further reveal the exciton densities of
the pristine and treated CsPbBr; NCs. All TA spectra
show an identical bleach signal at around 490 nm with a
pump intensity of 2 uJ cm ~ (Fig. 5¢, d). As we know, AA
is proportional to the exciton density at the lowest excited
state in NCs [43,44], and an obvious difference can be
seen in the TA spectra (Fig. 5a, b, and Figs S6 and S7). AA
decreases fast between 1 and 1190 ps for the pristine
CsPbBr; NCs, whereas it decreases slowly and maintains
high intensity at 1190 ps for the treated CsPbBr; NCs.
The higher signal intensity indicates that excitons are
more easily transited to the valence band in the treated
NCs and are less likely to be trapped by surface defects
after being passivated by the aqueous solution of HX.
These results explain why the treated CsPbX; NCs have
high PLQYs.

Another important reason for the performance im-
provement is the reduction in DMF. CsPbX; NCs can be
dissolved by DMF due to the ionic characteristic [11]. As
shown in the 'H NMR spectra, resonances a’, b’ and ¢’ of
DMEF are found in the pristine CsPbBr; NCs, while they
are not seen in the treated CsPbX; NCs (Fig. 6a). Though
the content of DMF is very small in the pristine CsPbBr;
NCs, the result also suggests that the amount of DMF can
be reduced effectively by the treatment. The NCs were
characterized by using FTIR spectroscopy (Fig. 6b). The
peaks at 2920 and 2854 cm ' come from BA and OAm,
which can be assigned to the C-H stretching vibrations
[45]. Peaks at 1584 cm ' can be assigned to the N-H
bending vibration, a characteristic band for OAm [46].
Compared with the pristine NCs, the treated NCs show
stronger peaks of ligands. It indicates that the loss of

ligand is suppressed and the surface of the NCs is pas-
sivated by the treatment [39,47,28].

In the anion-exchange method reported before, it is
hard to accurately control the amount of halide ions.
Therefore, it is often necessary to remove excess reagents
and reaction byproducts by purification, which can cause
some degradation of NCs [48]. Moreover, some extra
energies commonly used for the halide exchange, such as
photon irradiation, ultrasonic treatment, and microwave
irradiation, may also cause the decomposition of NCs
[49-52]. In our proposed approach, however, we can not
only decrease the content of DMF, but also skip the
purification step without introducing impurities for anion
exchanges of CsPbX; NCs at the water-oil interface. As
shown in Fig. 7, the pristine CsPbBr; NCs can be dis-
persed in toluene, and the green solution turns red from
bottom to top gradually when the toluene solution is
mixed with the aqueous solution of HI in a glass bottle.
The ligand binding to the surface of NCs is highly dy-
namic, which thus indicates that the oleylammonium
bromide does not tightly adhere to the NCs surface and
the exchange between its bound and free states can
happen [48,53,54], leading to the facile proton transfer of
OAm surface capping reagents. Firstly, the I ions in the
HI aqueous solution exchange with the Br ions in the
CsPbBr; solution at the water-oil interface. The proto-
nated OAm, acting as carriers, combines with I . When
the free OAm returns to the surface of the NCs, the ex-
change from Br — I then happens. With increasing the
processing time, the I ions will almost replace the Br
ions. In this process, not only DMF is reduced effectively,
but also no extra reagents like metal cations are left [23].

In order to verify the above mechanism and the effect
of the protonated OAm in the process, we designed a
series of control experiments. The pristine CsPbBr; NCs
were dispersed in toluene, and then a small amount of HI
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Figure 6 (a) 'H NMR spectra of the pristine CsPbBr; NCs; treated CsPbBr; NCs, CsPbl; NCs and CsPbCl; NCs. (b) FTIR spectra of the pristine and

treated CsPbBr; NCs.
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Figure 7 Schematic illustrations of the anion exchange at the water-oil interface.
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Figure 8 PL spectra of (a) the pristine CsPbBr; NCs with the HI aqueous solution, (b) the pristine CsPbBr; NCs treated in the aqueous solution of HI
with extra oleylammonium bromide, and (c) the amine-free CsPbBr; NCs treated in the HI aqueous solution. (d) Schematic illustration of the
dynamic surface stabilization.

aqueous solution was added for the anion exchange. It  shifts to 680 nm till the shift stops in 2 h (Fig. 8a). For
can be observed that the emission peak gradually red comparison, we prepared CsPbBr; NCs under the same
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conditions expect for adding extra 10 mmol of oley-
lammonium bromide (Video S3). Obviously, the red shift
can be completed only in a few minutes (Fig. 8b). To
further confirm the key role of the protonated OAm, we
performed a typical amine-free method to synthesize
CsPbBr; by capping them solely using oleic acid (OA) for
the anion exchange in the HI aqueous solution (Fig. 8c)
[55]. The emission peak does not shift and the intensity
shows a sharp decline because of the poor water stability
of CsPbBr;. Therefore, it can be concluded that the anion
exchange of the OA-capped CsPbBr; NCs does not occur
without the protonated OAm.

CONCLUSIONS

In summary, we successfully prepared highly efficient,
stable and color-tunable CsPbX; NCs vig an anion ex-
change at the water-oil interface, by treating the pristine
CsPbBr; NCs in the aqueous solutions of HX (X=Cl, Br,
and I) at room temperature. In the anion exchange pro-
cess, the protonated OAm played a key role as carrier.
Using this method, highly stable and efficient red CsPbl;
NCs can be synthesized at room temperature, of which
the PLQY is 75% and it remains almost unchanged after
being stored in toluene for 32 d. The improved stability
and PLQY of CsPbX; NCs can be attributed to the re-
duction of DMF on the surface of NCs and the surface
passivation after the anion exchange.
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