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ABSTRACT: An all-inorganic cesium lead halide perovskite
is particularly attractive as an alternative to next-generation
display with high quantum yields and color purity for lasers,
light-emitting diode (LED) devices, and single-photon
sources. Unfortunately, the vulnerable properties induced by
moisture limit the hopeful application of CsPbBr;, especially
for high-performance devices. In this work, a monoclinic
CsPbBr; derived from hexagonal Cs,PbBr, with the assistance
of water was presented. Moisture-induced decomposition and
phase segregation were recorded at the atomic level in detail.
Moreover, the obtained monoclinic CsPbBr; nanocrystals

(NCs) are demonstrated to be decorated with hydroxyl (OH) ligands, which provide a valid approach for the resistance to
further moisture attack. The highly stable CsPbBr; NCs could preserve the photoluminescence intensity above 97% even after
the sample was deposited in water for 30 days. Furthermore, a white LED constructed with the as-prepared green-emitting
CsPbBr; and a commercial N628 red phosphor demonstrate the monoclinic CsPbBr; as a compelling material platform well

suited to applications as next-generation light emitters.

B INTRODUCTION

All-inorganic perovskites combined with unique optical
properties, including narrow emission bands and extremely
strong emission intensity by controlling the composition and
size, have gained surging research interest and also been
demonstrated to be ideal materials for light-emitting devices,
photodetectors, and lasers.' ® One, particularly, interesting
class of metal halide perovskites consists of CsPbBry
nanocrystals (NCs), which have composition-tunable emission
wavelength. Unfortunately, perovskite materials lack long-term
stability under ambient operation conditions for the degrada-
tion induced by moisture, heat, and light.7_9 The vulnerable
properties induced by moisture are related to the structural
phase stability, quantum efficiency, and surface defects, which
turther limit the hopeful application of CsPbBr;, especially for
high-performance devices.'’~"”

One of the major factors curtailing the stability of metal
halide perovskites is believed to be their low formation energy.
Metal halide perovskite thin films lack chemical and structural
stability, and thus, they are prone to undergo rapid degradation
in the presence of moisture or heat.'* Stabilizing the perovskite
against moisture is an ongoing area of research. Li and co-
workers prepared CsPbBr; quantum dots with high quantum
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efficiency modified by hydrophobic zeolites to prevent the
moisture influence.'” Zheng group demonstrated the prepara-
tion of environmentally stable CsPbBr;@TiO, core—shell NPs
by encapsulating colloidal CsPbBr; NCs with a titanium
precursor.'® Moreover, Wu’s group reported exceptional
moisture stable CsPbBr; film modified by the ZnO interlayer
to improve device performance.'” Quan et al. proposed that
the intercalation of phenylethylammonium (PEA) between
perovskite layers would introduce quantitatively appreciable
van der Waals interactions. These would drive an increased
formation energy that could potentially lead to improved
materials stability.'® Moreover, an inhomogeneous interface
reaction (IIR) in a liquid—liquid immiscible two-phase system
was developed to fabricate the perovskite-related CsPbX; (X =
Cl, Br, and 1) fluorophores. Notably, the IIR process is carried
out at room temperature (RT) and completed within a few
minutes via ionic reaction at the interface of the “aqueous
phase” and the “oil phase”.” Recently, cubic CsPbX; NCs
through the chemical transformation of presynthesized
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Figure 1. Schematic representation of synthesis (a) and phase transformation process (b) from Cs,PbBr,s to CsPbBry NCs; XRD patterns of
Cs,PbBrs NCs (c), and water-induced CsPbBr; NCs (d); TEM images (e,h), HRTEM images (fi), and iFFT images (gj) of Cs,PbBr,s and
CsPbBr; NCs; the insets of (g,j) are the FFT of Cs,PbBrg and CsPbBr;, respectively.

Cs,PbX; NCs have been developed by stripping CsX through
an interfacial reaction with water in a different phase.”® As far
as we know, a three-dimensional structure perovskite CsPbX,
has been extensively investigated, which crystallizes in cubic,
orthorhombic, and tetragonal polymorphs. However, the
monoclinic phase is stable only at RT and changes into
cubic phase at about 130 °C.*' In our work, a monoclinic
CsPbBr; NC transformed by injecting water into the hexagonal
Cs,PbBry precursor solution synthesized via hot injection was
obtained, thanks to the cleavage and recombination of the
bonds of parent Cs,PbBrs NCs in water. The water-driven
structural evolution of a CsPbBrj; single particle is observed in
detail from the atomic level. The obtained monoclinic CsPbBr;
NCs decorated with OH ligands exhibited excellent moisture
stability compared with the counterpart derived from hot
injection. Moreover, the output intensity of the green emission
with negligible decline was demonstrated. Furthermore, the
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operational stability of perovskite light-emitting diodes (LEDs)
constructed by the as-prepared green-emitting CsPbBr; and a
commercial N628 red phosphor unambiguously exhibits a
fascinating prospect of monoclinic CsPbBr; as next-generation
light emitters.

B RESULTS AND DISCUSSION

Cs,PbBrg NCs are synthesized through a modified hot-
injection method,”” and then CsPbBry; NCs are obtained via
a phase transformation by water induction, as shown in Figure
la. The synthesis process of CsPbBr; NCs (Figure 1b) is
divided into three stages: (1) PbBr, precursor solution is
prepared in cesium oleate (Cs-OA), oleylamine (OLA), and
octadecene (ODE). (2) Cs,PbBrg NCs are obtained via mixing
PbBr, precursor solution and Cs-OA. (3) CsPbBr; is generated
by stripping CsBr from Cs,PbBry after water induction.”> The
powder X-ray diffraction (XRD) peaks of the pristine NCs of
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Figure 2. TEM images (A1—A7) and HRTEM images (B1—B7) of products prepared by taking aliquots out from the reaction system after water
induction in 48 h, showing transformation from pure Cs,PbBr single NCs into pure CsPbBr; single NCs, respectively (A bar: 100 nm, B bar: §
nm); local HRTEM images of products obtained from the HRTEM images (C1—C7) (bar: S nm); the corresponding FFT patterns of products
(D1-D7); adding mask (E1—E7) [smooth edge by (pixels): 5] to get iFFT images (F1—F7) of products; the standard electron diffraction patterns
(G1—G?7) and the corresponding crystal structure (H1—H7) of Cs,PbBrs NCs and CsPbBr; NCs.

the sample from the hot-injection method in Figure 1c match
well with that of hexagonal Cs,PbBr, (JCPDS no. 73-2478).
After 48 h of water exposure, the XRD patterns of the final
products are well consistent with the pure monoclinic CsPbBr;
exhibited in the JCPDS no. 18-0364 (Figure 1d). Transmission
electron microscopy (TEM) images show that the as-obtained
uniform Cs,PbBrg NCs have an average dimension of 25.5 nm
(Figures le and Sla). The high-resolution TEM (HRTEM)
image in Figure 1f shows a clear lattice spacing of 6.88 A,
which is in good agreement with the (102) plane of Cs,PbBr,.
The (102) and (101) crystal planes with an angle of 90° are
obviously observed, which further confirms the phase of
Cs,PbBrg (Figure lg and the inset of Figure 1g). After being
treated with water, the rectangular CsPbBr; NCs show the
structures with an edge length of around 23.9 nm, indicating
that the phase transformation was completed (Figures 1h and
S1b). The measured d-spacing of 4.17 A from Figure 1i can be
indexed as the (110) plane of CsPbBr;. The fast Fourier
transform (FFT) (the inset of Figure 1j) and inverse FFT
(iFFT) (Figure 1j) reflections with a d-spacing attributed to
the CsPbBr; crystal configuration further demonstrate the
completion of structure transformation. Considering the fact
that CsBr NCs are soluble in water,”* the Cs,PbBrs NCs are
regarded as CsPbBr; NCs rich with CsBr NCs.”' Therefore,
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when the white precipitates accumulate at the bottom of the
CsPbBr; NC solution during the transformation process, it is
easy to assume that white precipitates are CsBr NCs (Figure
S2a). Then, the result of XRD well indexed to JCPDS no. 73-
0391 (Figure S2b) proved the above speculation that cubic
CsBr NCs could be separated from CsPbBr; to form white
precipitates. Hence, it follows that structure transformation is
caused by the precipitation of CsBr NCs rather than a
dissolution—recrystallization process.

The luminescence intensity of CsPbBr; NCs reaches
maximum when 125 uL of deionized water was injected into
1 mL of Cs,PbBrs NCs after 48 h (Figure S3). Because more
CsBr NCs will be stripped from Cs,PbBry NCs when
overinjected with water, quenching the green emission for
the damage of the structure of Cs,PbBrgs NCs. Therefore, the
deionized water dose for water induction is fixed to be 125 uL
in our work.

To better understand the formation mechanism of CsPbBr;
NCs, the structure transformation process is characterized by
the monitored single particle of our sample via TEM carefully.
TEM results demonstrate the morphology evolution from
hexagonal Cs,PbBrg NCs (before water induction) to
rectangular CsPbBr; NCs (after water induction) (Figure
2A1—-A7). The HRTEM study shows the structure trans-
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Figure 3. Photographs showing the emission color change of the sample at different times after the addition of 125 uL of water under daylight
(top) and UV light (bottom) (a). Absorption (red line) and emission (black line, 4., = 371 nm) spectra of Cs,PbBrs NCs in toluene (b).
Absorption spectra of the sample recorded at different times after the addition of water (c). Absorption (red line) and emission (black line, A, =

365 nm) spectra of CsPbBry; NCs in toluene (d).

formation of the Cs,PbBry single particle after water induction
(Figure 2B1—B7), as there is a considerable reorganization of
the lattice from Cs,PbBrg to CsPbBr; NCs. Notably, the
spherical particles (dark) appear attached to the surfaces of our
sample (Figure 2B2—BS), which are identified as CsBr NCs*
by the calibration of different diffraction patterns shown in
Figure S4. It is consistent with the results as Cs,PbBrg is CsBr-
rich rather than a PbBr,-deficient material”***” The local
HRTEM and FFT images are therefore displayed as Figure
2C1—-C7,D1-D7, respectively, which discriminate kernel in
the exploration. Part of the change in the crystal structure can
be detected by measuring the change in interplanar distances
from the diffraction pattern time series. Figure 2D1—D7 shows
a time series of FFT patterns taken from the products, which
are continuously exposed to 125 uL of water. The closely
arranged diffraction spots show the presence of the superlattice
electron diffraction patterns with double period order with
diffraction boundaries parallel to the {101} planes (Figure
2D1). The superlattice electron diffraction patterns are normal
to Cs,PbBry NCs*® and show little beam-induced artifacts,
which have no effect on the judgment of the phase. It is explicit
that the structure of the single particle changes, even 1 h after
water is introduced as shown in Figure 2D2. The first
indication of change is the appearance of {100} planes
belonging to the CsPbBr; phase, accompanied by the
disappearance of {110} planes attributed to the Cs,PbBr,
phase, which indicates the gradual appearance of CsPbBr;
along with the introduction of water. After 3 h of water
exposure, the {102} planes of the Cs,PbBr, phase in Figure
2D3 begin to become diffuse and weak, whereas the {100}
planes of CsPbBr; become more prominent (Figure 2D3). The
plane spacing associated with the {102} planes continuously
decreases, indicating a shrinking of the Cs,PbBrg lattice,
possibly due to the loss of CsBr in the crystal structure.
Subsequently, {102} planes of Cs,PbBr, are subdued widely
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after 12 h and are invisible altogether after 24 h of continuous
125 uL exposure; however, the corresponding diffraction peak
of Cs,PbBrs NCs in XRD is still noticeable™ (Figure SS). It is
ascribed to the fact that Cs,PbBrg NCs have stronger X-ray
coherent scattering ability than CsPbBr; NCs.”” The whole
diffraction spots of CsPbBr; are formed 48 h later, when the
extra CsBr is completely stripped as shown in Figure 2D7.
Hence, the transformation process of CsPbBr; is recorded
completely for the first time. The iFFT images of Figure 2F1—
F7 are obtained by adding a mask (Figure 2E1—E7), which
show detailed structures of the products. Moreover, the correct
standard electron diffraction patterns are obtained from the
FFT as displayed in Figure 2G1—G?7, and the matching crystal
structures are obtained in Figure 2HI—H7. These results
reveal that the water molecules induce the distortion of the
products and finally promote the formation of regular CsPbBr;
NCs with the precipitation of CsBr. Moreover, the polarity of
the solvent has a slight effect on the transformation process,
such as toluene and acetone, as shown in Figure S6. The
transformation is independent on the injection rate, which is
confirmed by Figure S7, Video S1 (rapid), and Figure S8
(slow). The above results suggest that water triggered the
phase transformation only associated with the reaction time to
precipitate CsBr NCs.

After 125 uL of water is slowly injected on the top of 1 mL
of Cs,PbBry NC solution and gently vibrated, the colorless
solution turns light yellow gradually under daylight, whereas
the blue emission Cs,PbBry NC solution exhibits green
emission after water was added. When Cs,PbBry NCs are
stripped of enough CsBr, the CsPbBr; NCs are completely
formed. At the same time, the intensity of CsPbBr; NCs
increases with time under UV light (4., = 365 nm) irradiation.
The intensity of the photoluminescence (PL) peak remains
maximum until the formation of CsPbBr, is completed (Figure
3a). As depicted in Figure 3b, the weak blue emission at
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Figure 4. Time-dependent integrated PL intensity of the green emission of CsPbBr; obtained via the hot-injection and phase conversion synthesis,
respectively; the insets are the photographs of the corresponding samples under UV excitation (a); PL decay dynamics of PL emission (365 nm)
(b); FTIR for Cs,PbBry and CsPbBry NCs (c); EL spectrum of the CsPbBr;/SiO, NC-based W-LED device operated at a current level of 2.5 mA;
the insets are the fabricated W-LED device and the CIE color coordinates of the prepared W-LED (d).

around 430 nm under UV light irradiation (4., = 371 nm) is
recorded in Cs,PbBrg and a sharp absorption peak at 331 nm is
observed, which is consistent with the previous report.””*'~*
When water is introduced into the Cs,PbBry solution, the
intensity of the sharp absorption peak decreases significantly as
shown in Figure 3¢, which suggests that the phase trans-
formation of Cs,PbBrgs NCs occurs. A small absorption peak at
525 nm emerged after water was added 1 h later, the intensity
of which is enhanced along with time. At the end of the
reaction after 48 h, the absorption peak at 525 nm widens and
the peak at 331 nm is observed (Figure 3c). According to the
Kubelka—Munk function®* and the Tauc relation,* the optical
band gaps are estimated (inset of Figure 3c) to be 3.68 eV for
Cs,PbBrg and 2.31 eV for CsPbBry NCs (Table S1), which are
well consistent with our theoretical calculated results based on
density functional theory (DFT) (Figure S9). The calculated
energy gaps of Cs,PbBrs and CsPbBr; NCs are calculated to be
3.66 and 1.81 eV, respectively,”* ** which are underestimated
by Perdew—Burke—Ernzerhof computation. Figure 3d high-
lights the large shift of the band gap with the simultaneous
appearance of the broad absorption and strong green PL (A,
= 530 nm), which represent the formation of the CsPbBr,
NCs. Moreover, the obtained CsPbBr; NCs exhibit stable
green emission within 30 days in a water environment of 125
uL (Figure S10) and the PL quantum yield (~27%).
CsPbBr; NCs are dispersed in a mixed solution of 5 mL of
toluene and 125 uL of water, which is then placed in an
ambient environment. As shown in Figure 4a, the PL intensity
of CsPbBr; NCs obtained by phase transformation from
Cs,PbBrg preserves 97% intensity after deposited in ambient
environment for 30 days. In contrast, the emission intensity
drastically decreases to 5% of the initial intensity of CsPbBr;
NCs obtained through a hot-injection method under the same
conditions. It implies higher stability of the phase-transformed
CsPbBr; NCs. The inset of Figure 4a explicitly displays the
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excellent stability of the CsPbBr; NCs phase-transformed from
Cs,PbBrg even after 30 days. The significant reduction in PL of
CsPbBr; NCs obtained through a hot-injection method is
ascribed to the loss of surface ligands from the wash step®
because of the more labile nature of the OA surface ligands.
Figure 4b shows that the average lifetime of PL decay for PL
emission (365 nm) remains constant within 30 days after the
phase transformation, again indicating the stability of the
transformed CsPbBr; NCs. To figure out the reason for the
high stability of the phase-transformed CsPbBr; NCs, the
Fourier transform infrared (FTIR) spectroscopy of the pristine
Cs,PbBrg NCs and the final produce of CsPbBr; NCs are
recorded. With respect to Cs,PbBry NC samples, FTIR peaks
show C—O stretching vibrations in the range of 1440—1395
em™!, C=0 in 1725-1700 cm™!, and C—H in 2700—3000
cm™} respectively, which is attributed to the attachment of OA
of the sample. In contrast, the FTIR spectrum indicates that
the intensity of the above stretching vibrations is severely
weakened. Meanwhile, a broad band centered at 3400 cm™*
ascribed to the OH stretching vibration is found as shown in
Figure 4c. According to the FTIR analysis, the inherent
differences between the Cs,PbBry NCs and the transformed
CsPbBr; NCs lie in the decreased OA and the increased OH
group on the surface after water induction. X-ray photo-
electron spectroscopy (XPS) measurements are employed to
further confirm the above hypothesis (Figure S11). In Pb 4f
XPS core-level spectra, two peaks of Pb 4f,, and 4f;,, are
observed. Both peaks of NCs can be fitted into two peaks,
which demonstrate the breaking of Pb—Br bonds and
formation of Pb—O bonds after water treatment.””*" It is
apparent that majority Pb—O species are formed in the
position of intrinsic Br vacancies after water treatment because
the change of intensity ratio between Pb—O and Pb—Br is
larger than that of Cs—Br and Pb—Br."” FTIR and XPS
analyses showed that after water treatment, the coordination
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with CsPbBr; was mainly OH rather than the organic
ligand.**~* The schematics of ligand-free passivation of hot-
injected CsPbBr; and ligand-based passivation mechanism of
water-treated CsPbBr; are shown in Figure S12, respectively. It
is safe to say that the OH ligand isomorphic with water is
stable enough to resist further water attack as compared to
OA.*8 In addition to ligand protection, water can also reduce
the surface defects of perovskite NCs, resulting in high water
resistance.”” Finally, a white LED (W-LED) constructed by
using the as-prepared CsPbBr; and a commercial N628 red
phosphor (., = 628 nm) with a blue-emitting GaN LED chip
(Aem = 460 nm) demonstrates new avenues for light-generation
applications. Electroluminescence (EL) spectrum of the
designed W-LED fabricated with green-emissive (emission
band ranging from 500 to 560 nm) CsPbBr; NCs and
commercial N628 phosphor pumped with the blue LED chip is
shown in the inset of Figure 4d. Noticeably, the EL spectrum
of the LED device inherits the narrow emission peaks from
their EL characteristics at a driving current of 2.5 mA,
achieving a full width at half-maxima of 78, 28, and 23 nm for
red, green, and blue emission, respectively (Figure 4d). The
Commission Internationale de L'Eclairage (CIE) chromaticity
diagram of the above WLED and the CIE color coordinate are
calculated to be (0.3296 0.2748) (the inset of Figure 4d).
Figure S13 shows that LED assembled from transformed
CsPbBr; is much more stable than that assembled from
CsPbBr; synthesized via hot injection. Because of their
outstanding photophysical properties, the transformed
CsPbBr; NCs have been regarded as one of the potential
candidates for next-generation lighting and display technology.

B CONCLUSIONS

In conclusion, we directly observe the phase conversion of
monoclinic CsPbBr; NCs by water-triggered chemical trans-
formation from hexagonal Cs,PbBrs. The high water stability
of CsPbBr; NCs is attributed to the protection of the surface
OH groups, which act as ligands to participate in Pb
coordination, contributing strong water resistance. The value
of this work is the first detailed record of structural changes in
perovskites during the continuous transformation process. The
observation of the single particle conversion provides a clear
proof to understand the transformed mechanisms, which offers
a reference in the fabricating stable perovskites. Our findings
might provide a viable source for improving the water stability
and optical performance of CsPbBr; NCs, which could be
employed as the next generation of lighting and displays.

B EXPERIMENTAL SECTION

Chemicals. The chemicals used are as follows: lead(II)
bromide (PbBr,, Aladdin, 99.999%), cesium carbonate
(Cs,CO;3, Aladdin, 99.99%), ODE (Aladdin, 90%), OLA
(80—90%), oleic acid (OA, Aladdin, AR), toluene (Chengdu
Chemical, AR), acetone (Tianjing Chemical, AR), and room-
temperature-vulcanizing (RTV) silicone rubber (Kafuter). All
chemicals were used without any further purification.

Synthesis of CsPbBr; NCs. All syntheses were performed
in air without any predried chemicals or solvents. In a typical
synthesis, PbBr, (0.3 mmol) was dissolved in 0.5 mL of ODE,
1 mL of OA, and 1.5 mL of OLA in a 20 mL vial on a hot plate
set at 100 °C. After PbBr, was completely dissolved (around
120 °C), the vial was moved to a RT hot plate, and the
solution was allowed to cool. When the temperature reached
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the optimal value, 0.75 mL of Cs-OA (0.8 g of Cs,CO;
dissolved in 8 mL of OA in a 20 mL vial on a hot plate set to
190 °C) was swiftly injected. After about S s, the reaction
turned turbid green and was quickly cooled down after 0—10
min to RT with a cold water bath. The NCs were directly
washed via centrifugation (at 6000 rpm for 15 min), followed
by redispersion in S mL of toluene (or acetone).

Synthesis and Purification of Cs,PbBrg NCs. All
syntheses were performed in air and without any pre-dried
chemicals or solvents. In a typical synthesis, PbBr, (0.1 mmol)
was dissolved in 0.5 mL ODE, 1 mL OA and 1.5 mL OLA in a
20 mL vial on a hot plate set at 100 °C. After PbBr, was
completely dissolved (around 120 °C), the vial was moved to a
RT hot plate, and the solution was allowed to cool. When the
temperature reached the optimal value, 0.6 mL of Cs-OA (0.8
g Cs,CO; dissolved in 8 mL of OA in a 20 mL vial on a hot
plate set to 190 °C) was swiftly injected. After about 30 s, the
reaction turned turbid white and, depending on the required
size, was quickly cooled down after 0—10 min to RT with a
cold water bath. The NCs were directly washed via
centrifugation (at 6000 rpm for 15 min), followed by
redispersion in 5 mL of toluene (or acetone).

Synthesis of Water-Induced CsPbBr; NCs. All syntheses
were conducted under ambient condition. Deionized water
(125 uL) was directly injected into 1 mL of Cs,PbBr solution
and shaken. The final CsPbBr; solution was redispersed in 1
mL of toluene (or acetone).

Fabrication of W-LED. Dried green Cs,PbBrs NCs and
red N628 powders were mixed and dispersed thoroughly in a
transparent RTV silicone rubber, and then the obtained
mixture was coated onto the blue GaN chip. Finally, the GaN
chip was cured at RT for 60 min.

Powder XRD. XRD patterns were performed using a D8
Focus diffractometer (Bruker) with Cu Ka radiation (1 =
0.15405 nm) in the 26 range from 10° to S0°.

Optical Absorption Spectroscopy. The spectra were
recorded using a HITACHI U-4100 UV—vis—NIR spectro-
photometer with an integrated sphere in diffuse-reflectance
mode. Samples were prepared by diluting the NC solution
toluene in 1 cm path length quartz cuvettes.

Transmission Electron Microscopy. The particle mor-
phology and size were studied with field emission TEM and
HRTEM, carried out using a TECNAI G2F30 S-TWIN
operating at 300 kV. The samples were prepared by drop-
casting diluted NC suspensions onto 400 mesh ultrathin/holey
carbon-coated copper grids for conventional TEM imaging and
HRTEM imaging.

PL Measurements. The PL spectra were taken on a
Hitachi F-7000 fluorescence spectrophotometer.

FTIR Spectroscopy. FTIR spectra were recorded by a
Nicolet iS 10 FTIR spectrometer.

X-ray Photoelectron Spectroscopy. XPS analysis was
carried out using a Thermo Fisher Scientific K-Alpha+ Al Ko
X-ray source (hv = 1486.6 eV) with a 400 pm spot size and a
30 eV pass energy.

B COMPUTATIONAL METHODS

The first principles calculations were performed by the plane
wave pseudopotential method implemented in the CASTEP
package based on the DFT. The ion—electron interactions
were modeled by ultrasoft pseudopotentials for all elements.
The generalized gradient approximation was adopted to
describe the exchange and correlation potentials. The kinetic
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energy cutoff of 450 eV and Monkhorst—Pack k-point meshes
with a density of (4 X 4 X 1) points in the Brillouin zone were
chosen.
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