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ABSTRACT: Cesium lead halide (CsPbX3, X = Br, Cl, I) perovskite
nanocrystals (NCs) possess tunable band gaps across the entire visible
spectral range and are promising for various optoelectronic device
applications. However, poor performance in adverse conditions limits
their further development in practical optoelectronics. Herein, highly
stable perovskite NCs are developed by doping europium(II) (Eu2+)
into the B-site of CsPbBr3 with negligible lattice distortion/strain. Eu2+-
doped CsPbBr3 NCs exhibit tunable green-to-cyan emissions, high
photoluminescence quantum yield, and good resistance to harsh
conditions, including ultraviolet irradiation, erosion of moisture, and
corrosion of polar solvent molecules. In particular, the thermal stability
of CsPbBr3 NCs after Eu2+ doping is greatly enhanced under
continuous heating in air, while exhibiting the emissions of Eu2+. Furthermore, a Eu2+-doped CsPbBr3 NC-based cyan light-
emitting diode is fabricated, which exhibits narrow exciton emission driven under different current densities. This work would open
the avenue to develop the rational lanthanide ion doping strategy for further advancing perovskite nanomaterials toward practical
applications.
KEYWORDS: CsPbBr3 perovskite nanocrystals, lanthanide, adjustable luminescence, stability

1. INTRODUCTION
Since the first report in 2015, cesium lead halide (CsPbX3, X =
Br, Cl, I) nanocrystals (NCs) demonstrate excellent photo-
physical properties including low cost, strong excitonic
absorption, high photoluminescence quantum yield (PLQY),
narrow excitonic emission spectra, and tunable luminescence
achieved by changing the halogen composition.1,2 Hence,
CsPbX3 perovskite has been widely applied in light-emitting
diodes (LEDs),1,3−8 solar cells,9−12 lasers,13 scintillators,14,15

and optoelectronic devices in recent years.16 As typical all-
inorganic halide perovskite, CsPbBr3, which can be synthesized
through many methods,14,16−21 exhibits efficient bright
monochrome green narrow emission and attracts wide
attention in many fields. However, CsPbBr3 NCs also suffer
from two critical issues, which are lead (Pb) toxicity and poor
moisture/heat resistance. In order to address these challenges,
B-site doping with lanthanide (Ln) ions or transition metal
ions has so far been recognized as a promising solution to
regulate the electronic structure and optical properties of
halide perovskite NCs, while reducing the toxicity of lead.22−25

Ln ions have abundant 4f energy levels and unique electron
configurations.26 Ln ions, as optically active centers, provide
energy levels within the band gap of the material and produce

optical transitions at frequencies below the fundamental
absorption, thus endowing the host with interesting optical
properties.23 The transitions of 4f → 4f or 5d → 4f inside Ln
ions increase the luminescence intensity and color purity of
CsPbX3 NCs.27 According to the Goldschmidt tolerance factor
(t) and the octahedral factor (μ), the electronic structure and
optical properties of halide perovskite can be adjusted by
selecting suitable Ln ions to replace the B-site divalent metal
ions. For example, Yu and co-workers have improved the
quantum yield of CsPbBr3 NCs up to 89% by doping
cerium(III) (Ce3+), a factor of 2 increase compared to the
undoped ones. Zhang and co-workers have reported that
CsPbBr3 NCs doped with neodymium(III) (Nd3+) realized
highly efficient blue emission, the PLQYs of which reached
90%, achieving efficient LED devices.28 Liu and co-workers
have reported that europium(III) (Eu3+)-doped CsPbBrxCl3−x
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NCs had exciton emission and red emission of Eu3+, attributed
to the energy transfer from excitons to dopants, which was
featured with temperature dependence.29 However, in the
previous studies, the valence state of Ln3+, doped into CsPbBr3
NCs, is inconsistent with that of Pb2+, and their ionic radius is
quite different.25,27−29 Moreover, a significant improvement in
terms of stability caused by doping Ln3+ into CsPbBr3 NCs has
not been reported.

The incorporation of divalent transition metal elements into
CsPbX3 has been proved to effectively eliminate the inherent
defects of crystals.30,31 Sun and co-workers have eliminated
inherent defects such as halide vacancies by doping nickel(II)
(Ni2+) into CsPbCl3 NCs, resulting in increasing the short-
range order of the lattice and improving the QY of violet
light.31 Wang et al. have reported that the anion exchange
reaction of copper(II) Cu2+-assisted CsPbCl/Br3 NCs resulted
in a well-defined crystal structure with fewer surface defects
and higher optical stability at room temperature.30 Typically,
the ionic radii of divalent transition metals (Ni2+ 69, Cu2+ 73
ppm) are too different from those of lead ions, resulting in
non-negligible deformation/strain in the crystal structure
owing to doping. However, there are few reports on improving
the stability in harsh conditions by doping CsPbBr3 NCs with
divalent ions.

When the dopant ions are selectively incorporated into
CsPbBr3 NCs, the size and valence of the doped ions should be
close to those of the host cations to reduce doping-induced
lattice defects.32 Among the Ln, Eu, which exists in either the
divalent or trivalent ion valence state, is an effective sensitizer
for PL of perovskite materials29,33 and also plays a crucial role
in improving the thermal stability of perovskite materials.34−36

Theoretical studies have reported that Eu2+ can successfully

substitute Pb2+ sites due to the comparable ionic size under the
fact that Eu2+ (117 pm) is very close to that of Pb2+ (119 pm).
Therefore, the doping of Eu2+ into the host of CsPbBr3 NCs
may result in negligible distortion/strain in crystal structures,
benefiting energetic stability of the system.37 Thence, this
inspires us to employ Eu2+ as the B-site dopant to explore the
optical performance and stability of CsPbBr3 NCs in
conventional environments, even in specific harsh conditions.

In this work, highly stable and cyan-emitting perovskite NCs
were synthesized by doping the B-site of CsPbBr3 with the Ln
ion Eu2+. With the increase of the Eu2+ doping ratio (x = Eu2+/
(Eu2+ + Pb2+)), the narrow band singlet emission of Eu2+-
doped CsPbBr3 NCs can be fine-tuned from green to cyan with
full width at half maximum (FWHM) of the emission peaks
less than 30 nm. Upon different Eu2+ doping, the PLQY values
range from 55 to 90%, and radiative lifetimes range from 4.55
to 26.45 ns. Meanwhile, the incorporation of Eu2+ slightly
decreases the band gap of CsPbBr3 without changing the
crystal structure. Importantly, Eu2+ doping significantly
improves the stability of CsPbBr3 NCs to withstand various
harsh conditions, including ultraviolet (UV) irradiation,
erosion of water and polar solvent molecules, and thermal
effect on luminescence intensity up to 100 °C in air. Under
specific heating temperatures, the emission of Eu2+-doped
CsPbBr3 NCs under UV excitation changes from cyan to blue
light, indicating that Eu2+-doped CsPbBr3 NCs not only exhibit
exciton emission but also Eu2+ emission, and the intensity ratio
of the two peaks is variable. Based on the improved stability
and QY, a Eu2+-doped CsPbBr3 (x = 7.9%) NCs-based cyan
LED is prepared, showing narrow emission under different
current densities. This work indicates that Ln(II) ion B-site

Figure 1. (a−f) TEM images of Eu2+-doped CsPbBr3 NCs with a Eu2+ doping ratio of x = 0%, x = 1.3%, x = 2.5%, x = 3.6%, x = 6.1%, x = 7.9%.
(g,h) HRTEM images of undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NCs. (i) XRD patterns of all Eu2+-doped CsPbBr3 NCs. (j) STEM image
and elemental mappings of Cs, Pb, Eu, and Br elements in the Eu2+-doped CsPbBr3 (x = 7.9%) NCs. (k) Schematic illustration showing that Eu2+

replaces Pb2+
.
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doping is a reliable strategy to make perovskites more robust
for broader optoelectronic applications.

2. RESULTS AND DISCUSSION
Referring to a previous work, Eu2+-doped CsPbBr3 NCs with
different Eu2+ doping ratios are successfully synthesized by the
hot-injection colloid chemistry method. In order to prevent the
occurrence of Eu3+ caused by rapid oxidization of Eu2+ in air,
the solvent should be purified to remove water, and the
precursor should be kept in an oxygen-free and water-free state
before synthesis. First of all, it is necessary to eliminate the
influence associated with the quantum confinement effect
caused by different particle morphologies or sizes, in order to
quantitatively compare the influence of Eu2+-doping on
CsPbBr3 NCs. Morphologies and structures of Eu2+-doped
CsPbBr3 NCs with different Eu2+ doping ratios are
characterized by transmission electron microscopy (TEM).
As shown in Figure 1a−f, the TEM images of both undoped
and Eu2+-doped CsPbBr3 NCs with different Eu2+ doping
ratios show cubelike morphologies with no obvious change in
terms of sizes (around 8 nm) and morphologies (Figure S1).
During the measurement, prolonged exposure of CsPbBr3 NCs
to high-energy incident electron beams resulted in the
appearance of black spots in the TEM images, which could
be reasonably explained by the reduction of Pb2+ ions to
metallic Pb0

.
38 As the high-resolution TEM (HRTEM) images

shown in Figure 1g,h, the interplanar distances of the (200)
plane of undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NCs
are determined to be 0.291 and 0.290 nm, respectively.
Because of the replacement of Pb2+ by Eu2+ with a smaller ion

radius, the lattice contraction of CsPbBr3 NCs form smaller
plane spacing. Doped Eu2+ has a limited effect on lattice
contraction, which is similar to the predicted results of
theoretical calculations as previously reported.37 As X-ray
diffraction (XRD) patterns show in Figure 1i, all NCs have
similar diffraction peaks patterns, indicating that the perovskite
phases (Joint Committee on Powder Diffraction Standards
(JCPDS) Portable Document Format (PDF) #54-0752)
formed undoped and Eu2+-doped CsPbBr3 NCs with different
Eu2+ doping ratios. The diffraction peaks shift to a higher angle
as the Eu2+ doping ratio increases, confirming that the lattice
slightly shrinks. The scanning TEM (STEM) image shown in
Figure 1j demonstrates the uniform cubic morphologies of
Eu2+-doped CsPbBr3 (x = 7.9%) NCs. The corresponding
energy dispersive X-ray spectroscopy (EDS) mapping images
shows the existence of Pb, Br, and Eu elements, indicating that
Eu2+ has been incorporated into CsPbBr3 NCs (Figure S2).
The quantitative Eu2+ doping ratios of Eu2+-doped CsPbBr3
NCs are measured by inductively coupled plasma optical
emission spectrometry (ICP-OES, Table S1), which also
confirms that Eu2+ is successfully doped into CsPbBr3 NCs,
replacing the Pb2+ site, as shown in Figure 1j.

X-ray photoelectron spectroscopy (XPS) measurements of
undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NCs are
performed to verify whether Eu2+ was successfully doped into
CsPbBr3 NCs and replaced Pb2+ to achieve B-site doping. As
the XPS survey spectra show in Figure 2a, both undoped and
Eu2+-doped (x = 7.9%) NCs comprise Cs, Pb, Br, C, and O
elements. For Eu2+-doped CsPbBr3 NCs, the Pb2+ 4f5/2 and
Pb2+ 4f7/2 peaks and the Br− 3d3/2 and 3d5/2 peaks shift slightly
to a higher binding energy (Figure 2b,c). However, this trend

Figure 2. (a) XPS spectra of undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NCs. High-resolution XPS spectra corresponding to (b) Pb 4f, (c) Br
3d, and (d) Eu 3d.
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is not observed in the Cs+ 3d3/2 and 3d5/2 peaks (Figure S3),
which indicates that the lattice shrinkage caused by Eu2+

doping leads to stronger Pb−Br interactions. Similar shifts in
the binding energies of Pb2+ and Br− are also observed in
reported Nd3+-doped CsPbBr3 NCs.28 Simultaneously, several
peaks of Eu2+-doped CsPbBr3 NCs located between 1120 and
1170 eV are attributed to the Eu 3d signals of Eu2+ and Eu3+

(Figure 2d),39 while the signals of Eu 3d are not found in
undoped CsPbBr3 NCs (Figure S4). Because XPS is sensitive
to the surface of the tested samples, Eu2+ of the surface layers is
highly reactive without the protection of reducing agents,
resulting in the tested sample containing mixed-valence
Eu.40−42 Eu2+ on the surface layers of the sample exposed to
air have been oxidized to Eu3+, leading to the detection of 3d5/2
and 3d3/2 peaks of Eu3+. The PL spectra (Figure S5) and the
excitation-emission matrix of Eu2+-doped CsPbBr3 NCs
(Figure S6) show the absence of red emission in the 590−
700 nm range, which is intrinsic Eu3+ ion 5D0 → 7FJ (J = 0−4).
It further indicates that the Eu3+ measured by XPS is on the
surface layer because of the oxidation in air, while the Eu2+ is in
the bulk phase, and a suitable ligand is not provided in the

system of CsPbBr3 to enable the emission of Eu3+. Based on
the above analysis, Eu2+ successfully enters the lattice of the
CsPbBr3 perovskite host and takes over a fraction of the Pb2+

sites rather than the Cs+ and Br− sites.
With the intention of exploring the influence of Eu2+ doping

on the optical properties of CsPbBr3 NCs, the normalized PL
and ultraviolet−visible (UV−vis) absorbance spectra of Eu2+-
doped CsPbBr3 NCs solutions with different Eu2+ doping
ratios are obtained, as shown in Figure 3a. With the increase in
the Eu2+doping ratio, both the absorption onset and the PL
emission peak present a continuous blue shift, which is similar
to the theoretically predicted results.37 The inserted photo-
graphs in Figure 3a show that the colloidal solutions formed by
Eu2+-doped CsPbBr3 NCs dispersed in toluene exhibit a
transition of PL emission from green to cyan with the
increased doping ratio of Eu2+ under UV irradiation (365 nm).
Optical band gaps are quantified from the Tauc plot of (αhν)2

versus hν,43 which illustrates the band gaps of Eu2+-doped
CsPbBr3 NCs with different Eu2+ doping ratios (Figure S7). As
shown in Figure 3b, the band gap of undoped CsPbBr3 NCs is
2.408 eV and that of Eu2+-doped CsPbBr3 NCs broadens with

Figure 3. (a) Normalized PL and absorption spectra of Eu2+-doped CsPbBr3 NC solutions with a Eu2+ doping ratio of x = 0%, x = 1.3%, x = 2.5%, x
= 3.6%, x = 6.1%, x = 7.9%: PL emission (solid line, excitation at 365 nm) and UV−vis absorbance spectra (dashed line). Inset photograph shows
the corresponding images of luminescent Eu2+-doped CsPbBr3 NC colloidal solutions under UV excitation. (b) Band gaps of Eu2+-doped CsPbBr3
NCs. (c) PL decay curves of the Eu2+-doped CsPbBr3 NCs solutions. (d) Average PLQYs of Eu2+-doped CsPbBr3 NCs solutions (excitation at 365
nm).
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the increase of the Eu2+ doping ratio, corresponding to the blue
shift of the PL and absorption spectra. As illustrated in Figure
3c, the PL decay curves of Eu2+-doped CsPbBr3 NCs colloidal
solutions are fitted by a biexponential decay model (Table S2).
Specifically, as the Eu2+ doping ratio increases from 0 to 7.9%,
the average lifetime (τave) decreases from 26.45 to 4.55 ns. On
the other hand, as the Eu2+ doping ratio increases, the PLQY
first increases from 55% of undoped CsPbBr3 NCs to 90% of
Eu2+-doped CsPbBr3 (x = 3.6%) NCs and then decreases back
to 55% of Eu2+-doped CsPbBr3 (x = 7.9%) NCs (Figure 3d). It
indicates that there exists a relatively narrow window for the
incorporation amount of Eu2+ in CsPbBr3 NCs so as to achieve
a high PLQY of CsPbBr3 NCs.

The PL intensity of toluene dispersion of the undoped and
Eu2+-doped CsPbBr3 (x = 7.9%) NCs stored in conventional
environments is tested (Figure 4a) with a view to investigate
whether Eu2+ doping can improve the stability of CsPbBr3
NCs. After 32 weeks, the PL intensity of Eu2+-doped CsPbBr3
NCs remains at 90% of the initial one, but that of undoped
CsPbBr3 NCs decreases to 40% of the initial one. In order to
further compare the PL stability under UV irradiation,
undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NC solutions
are placed under UV lamps (8 W, 365 nm) for up to 24 h at
room temperature. The contamination of the sample by other
lights during this period was avoided. As shown in Figure 4b,
when the UV irradiation time reaches 4 h, there is a significant
gap in the PL intensity between undoped and Eu2+-doped
CsPbBr3 (x = 7.9%) NCs. When the UV irradiation time

reaches 8 h, the PL intensity of the Eu2+-doped NCs remains
82% of the initial value, but that of undoped NCs decreases to
only 45% of the initial intensity. These results show that the
introduction of Eu2+ significantly improves the PL stability of
CsPbBr3 NCs. In order to evaluate the luminescence stability
in water, the undoped and Eu2+-doped CsPbBr3 (x = 7.9%)
NCs are dispersed in ethyl acetate solutions containing
different contents of water at room temperature and in the
air environment, and then, the dispersions are mixed for 10
min to ensure complete invasion of water molecules. Similarly,
the Eu2+-doped CsPbBr3 NCs are more stable than the
undoped ones. As shown in Figure 4c, with the water content
increase in the dispersion solvent, the PL intensity of undoped
NCs is quenched sharply by water, while the PL intensity of
Eu2+-doped NCs decreases relatively slowly. Furthermore,
undoped and Eu2+-doped CsPbBr3 NCs are dispersed in
several solvents with different polarities (Table S3) and
maintained for 10 min. Then, their PL intensities are measured
for exploring tolerance to the damage from polar solvents. As
shown in Figure 4d, when undoped and Eu2+-doped CsPbBr3
NCs are dispersed in a solvent with low polarity, such as
cyclohexane or toluene, the PL intensity of the two samples is
relatively high. When the polarity of the dispersion solution is
medium, such as dichloromethane and ethyl acetate, the PL
intensity of undoped NCs dispersed therein is reduced
significantly, but that of the Eu2+-doped NCs remains relatively
high. When dispersed in acetone, the undoped NCs lose their
luminescence, while the Eu2+-doped NCs still emit cyan light.

Figure 4. (a) Normalized exciton emission intensity of undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NCs as a function of stored time in
conventional environments. (b) Normalized exciton emission intensity of undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NCs as a function of UV-
irradiated time. (c) Normalized exciton emission intensity of undoped and Eu2+-doped (x = 7.9%) CsPbBr3 NCs as a function of the water content
in the solvent. (d) Normalized exciton emission intensity of undoped and Eu2+-doped (x = 7.9%) CsPbBr3 NCs as a function of polarity of the
dispersion solvent.
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When dispersed in dimethylsulfoxide, neither undoped nor
Eu2+-doped NCs have emissions. These results indicate that
Eu2+ doping improves the stability of CsPbBr3 NCs and their
resistance to the damage from polar solvents.

In order to uncover whether the improvement of the
stability of CsPbBr3 NCs is regularly related to the Eu2+ doping
ratio, Eu2+-doped CsPbBr3 NCs with different Eu2+ doping
ratios (x = 0%, x = 1.3%, x = 3.6%, and x = 7.9%) are also
selected to measure stability under UV irradiation, corrosive
moisture, and polar solvent molecule corrosion. As shown in
Figures S8−S10, the improvement of the stability of CsPbBr3
NCs by doping Eu2+ is linearly related to the Eu2+ doping ratio.
Eu2+-doped CsPbBr3 NCs with the highest doping ratio (x =
7.9%) possesses the best stability in all alternative harsh
conditions.

With a view to explore the thermal stability of undoped and
Eu2+-doped (x = 7.9%) CsPbBr3 NCs, the toluene colloidal
solution of the samples are placed in a sand bath and heated
continually for several hours. Simultaneously, the samples are
heated and tested in air without inert gas protection. As the
heating temperature and the heating time increase, the
excitonic emission intensity of the undoped CsPbBr3 NCs
(yellow line) decreases rapidly during the heating process
(Figures 5a and S11); meanwhile, the Eu2+-doped CsPbBr3
NCs have an emission peak at 498 nm and an additional
emission peak around 440 nm related to the Eu2+, which can
be attributed to the energy transfer of 4f65d1 → 4f7 (5d → 4f).
The excitonic emission intensity of Eu2+-doped CsPbBr3 NCs
(blue line) remains 70% of the initial intensity after heating for

5 h (Figure S12), although it fluctuates up and down because
of unavoidable disruption during heating.

Unexpectedly, the emission intensity ratio of Eu2+ to exciton
is not constant with the change of heating temperature and
time. Therefore, the PL spectra of Eu2+-doped CsPbBr3 are
normalized to observe the ratio of Eu2+ emission intensity to
exciton emission intensity (Figure S13). The ratio of the
emission intensity of Eu2+ to exciton increases first and then
decreases with the increase of heating time. In the temperature
range from 50 to 75 °C, the intensity ratio of Eu2+ emission to
exciton emission shows an increasing trend, while it is opposite
in the temperature range from 75 to 100 °C. Taking 75 °C as
an example, the intensity of exciton emission from undoped
CsPbBr3 NCs decreases rapidly because of the high-temper-
ature damage, as shown in Figure 5b. Differently, the exciton
emission intensity of Eu2+-doped CsPbBr3 NCs shows an
extremely slow decreasing trend. When the exciton intensity of
Eu2+-doped CsPbBr3 NCs is normalized, the Eu2+ emission
intensity first increases during the first 1.5 h of heating and
then decreases after 1.5 h of heating. As shown in Figure 5c,
the inset shows the corresponding images of the colloidal
solution of luminescent Eu2+-doped CsPbBr3 NCs under UV
excitation for different time periods heated at 75 °C, exhibiting
the transition of the emitted light from cyan to blue and back
to cyan.

The polymethyl methacrylate (PMMA) composite film
encapsulated with Eu2+-doped CsPbBr3 (x = 7.9%) NCs is
heated at 75 °C in air for investigating whether such a peculiar
luminescence phenomenon can only exist in solution. As
shown in Figure 5d, under UV excitation, the composite film

Figure 5. (a) Exciton emission intensity of undoped and Eu2+-doped CsPbBr3 (x = 7.9%) NCs continuously heated at different temperatures
(undoped: yellow dotted plot, Eu2+-doped: blue dotted plot) and Eu2+ emission intensities (purple dotted line graph): 50, 60, 70, 75, 80, 90, 100
°C with increasing heating time. (b) Normalized PL spectra of undoped CsPbBr3 NCs continuously heated at 75 °C with increasing heating time
(excitation at 365 nm). (c) Normalized PL spectra of Eu2+-doped CsPbBr3 (x = 7.9%) NCs continuously heated at 75 °C with increasing heating
time (excitation at 365 nm). (d) Photograph of the Eu2+-doped CsPbBr3 NC-based film at room temperature under UV excitation. (e) Thermal
image of the Eu2+-doped CsPbBr3 NCs-based film at room temperature. (f) Photograph of the Eu2+-doped CsPbBr3 NC-based film after
continuous heating at 75 °C for 48 h under UV excitation. (g) Thermal image of the Eu2+-doped CsPbBr3 NC-based film after continuous heating
at 75 °C for 48 h.
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emits the same cyan-blue light as the Eu2+-doped CsPbBr3 NC
colloidal solution before heating, proving that the addition of
PMMA has no influence on the luminescence of Eu2+-doped
CsPbBr3 NCs. From the thermal image in Figure 5e, the
temperature of Eu2+-doped CsPbBr3 NC-based film is
generally the same as the surrounding environment before
heating. After continuous heating at 75 °C for 48 h, the
composite film emits blue light under UV excitation (Figure
5f), which is consistent with the luminescence change
produced by the Eu2+-doped CsPbBr3 NC colloidal solution
when heated at 75 °C. The temperature of the Eu2+-doped
CsPbBr3 NCs-based thin film upon heating is indicated by the
thermal image shown in Figure 5g. It can be concluded that the
transition from cyan to blue light emission of Eu2+-doped
CsPbBr3 NCs under continuous heating at 75 °C is not
attributed to the solution effect of toluene.

It has been reported that Eu2+ exhibits temperature
sensitivity and temperature dependence because of the strong
interaction of Eu2+ 5d electrons with the local crystal field.44−46

Moreover, the emission of Eu2+ varies with the doping host.47

Therefore, the energy absorption and transfer of the CsPbBr3
NCs initially induced by continuous heating results in the
appearance of the Eu2+ emission corresponding to 5d → 4f
parity-allowed transitions.48−50 Based on the reported work,
the variation of the Eu2+ emission intensity could be relevant to
the balance between thermal ionization and recombination of
Eu2+ 5d-excited state centers with the involvement of electrons
trapped at crystal defect levels.46,48 Then, with the increase of
temperature, the increase in the Eu2+ emission intensity is
likely to be associated with the increase in thermal energy
which favors the recombination process.46 With the further
increase of temperature, the decrease of the emission intensity
of Eu2+ is related to the conventional thermal quenching

behavior.44−46 In addition, increasing the heating time achieves
a similar effect as increasing the heating temperature.

The XRD patterns of undoped and Eu2+-doped CsPbBr3 (x
= 7.9%) NCs are monitored at several different temperatures
(20, 50, 70, 90, and 110 °C) in order to further explore the
stability of the crystal structure. By comparing the XRD
patterns of undoped CsPbBr3 NCs at different temperatures in
Figure S14, it is found that the CsPbBr3 NCs have obvious
phase transitions (orthorhombic phase−tetragonal phase) in
the temperature ranging from 20 to 110 °C, consistent with
the reported temperature-reversible phase transition of
CsPbBr3.

51,52 However, the XRD patterns of the Eu2+-doped
CsPbBr3 NCs at different temperatures do not show clear
differences, indicating that doping Eu2+ contributes to the
stability of the crystal structure of CsPbBr3 NCs.

Although CsPb(BrCl)3 NCs have been reported to improve
the optical properties and stability in relatively mild environ-
ments through B-site doping, the enhancement of stability in
harsh conditions is rarely reported (Table S4). The stability of
CsPbBr3 NCs after Eu2+ doping is greatly improved in various
harsh conditions, including long-term UV lamp irradiation,
aggressive water and polar solvents, and prolonged heating
treatment in the air. When it comes to the reasons behind
stability improvements, there are several scenarios that deserve
being noted here. First, the first-principles calculations of Eu2+-
doped CsPbBr3 perovskite have been reported, indicating that
the formation energy of doping Eu2+ is small, about 0.13 eV
per Eu atom, and the Eu2+-doped CsPbBr3 perovskite matrix is
energetically stable, where the strain in the system is
negligible.37 Second, the electronegativity of Eu is small
compared to that of lead. Previous first-principle calculations
uncovered that as lead is more electronegative, electrons are
transferred from the doped cation to the adjacent Pb−Br
pair.28 Therefore, the fact of Eu2+ partly occupying the Pb2+

Figure 6. (a) Luminescence spectra of Eu2+-doped CsPbBr3 NC-based LEDs and the inset photograph of an operating LED emitting cyan light at
499 nm. (b) CIE coordinates corresponding to the LED device (red cross). (c) Emission spectra of the LED device at different driving currents.
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site leads to the shortened Pb−Br bond length and the
strengthened Pb−Br bond, which is verified by XPS analysis
results. Because each of the B-site cations is connected to eight
cuboctahedra through [BX6]4− octahedra, ignoring any
possible structural relaxation, reducing the size of one B-site
cation reduces the size of the eight cuboctahedrons and voids,
thus reducing the rotation or tilt of the [BX6]4− octahedron.24

Third, Eu2+-doped CsPbBr3 NCs obtain a higher Goldschmidt
tolerance factor, conducive to the stabilization of CsPbBr3.

24

Last but not least, surface passivation of Ln halides also
contributes to improving stability by reducing surface
defects.12,25,38,53

In addition, Eu2+-doped CsPbCl3 was also successfully
synthesized, and its PL stability under UV irradiation was
improved (Figure S15), which is similar to Eu2+-doped
CsPbBr3. Therefore, based on our discovery and previous
reported results,54 doping Eu2+ into CsPbX3 NCs results in
negligible deformation/strain of the crystal structure and is
beneficial to the stability of the system.23

The prepared PMMA composite film described above was
further deposited on the UV LED and excited by the UV LED
chip. The normalized PL spectra of Eu2+-doped CsPbBr3 (x =
7.9%) NC-based LEDs show narrow emission with a peak
width at half maximum around 24 nm, as shown in Figure 6a.
According to the CIE 1931 standard color matching functions,
the emitted green light can be demonstrated by (x, y)
chromaticity coordinates (0.1093, 0.4622), as shown in Figure
6b. As shown in Figure 6c, the luminous intensity of this LED
increases linearly with current density, which is characteristic
of exciton luminescence, and this result excludes the defect
luminescence inside the CsPbBr3 NCs after Eu2+ doping.
Furthermore, Eu2+-doped CsPbBr1.8Cl1.2 NCs, that glow bright
blue under ultraviolet light, are successfully synthesized.
Similar to Eu2+-doped CsPbBr3 NCs, the emission peak of
Eu2+-doped CsPbBr1.8Cl1.2 NCs is blue-shifted from 480 to 466
nm, and its QY is as high as 91.2% (Figure S16). Eu2+-doped
CsPbBr1.8Cl1.2 NCs may provide an efficient option for the
high EQE and stability of blue halide perovskite LEDs, and
these will be investigated in our further study. The above
results demonstrate that Eu2+ doping improves the stability of
CsPbX3 NCs, enriches the optical properties of the material,
and further provides a material modification strategy for its
applications in many fields such as luminescence and anti-
counterfeiting.

3. CONCLUSIONS
In summary, we have successfully introduced Eu2+ to replace
Pb2+ in colloidal CsPbBr3 NCs. The emission spectrum of
Eu2+-doped CsPbBr3 NCs can be tuned from green to cyan by
controlling the doping concentration of Eu2+. Thanks to the
incorporation of Eu2+ with negligible strain generated in
crystals, the stability of CsPbBr3 NCs is successfully improved
in various harsh conditions, including UV irradiation, erosion
of moisture, and corrosion of polar solvent molecules.
Moreover, compared with undoped CsPbBr3 NCs, the thermal
stability of Eu2+-doped CsPbBr3 NCs is greatly enhanced
under heating. Meanwhile, the Eu2+-doped CsPbBr3 also
exhibits the emissions of Eu2+ under prolonged heating.
Therefore, doping Eu2+ to partially replace Pb2+ into all-
inorganic CsPbBr3 perovskite NCs is a promising approach to
improve their stability under practical harsh environments.
Besides, based on the improved stability and quantum yield,
Eu2+-doped CsPbBr3 (x = 7.9%) NC-based cyan LED is

fabricated, exhibiting narrow exciton emission driven under
different current densities. Therefore, the doping of Eu2+ and
the successful preparation of perovskite cyan LEDs suggest that
Ln ion B-site doping is a reliable strategy to optimize
perovskites for broader optoelectronic applications.

4. EXPERIMENTAL SECTION

4.1. Preparation of Cs-Oleate
Cs2CO3 (0.1628 g), OA (0.5 mL), and ODE (8 mL) were added into
a three-necked flask and dried under vacuum at 120 °C for 1 h. Then,
the reaction mixture was heated to 150 °C under Ar and kept at this
temperature for 0.5 h until Cs2CO3 was completely dissolved.
4.2. Synthesis of CsPbBr3 NCs
PbBr2 (0.069 g) and ODE (5 mL) were added to a three-necked flask
and dried under vacuum at 120 °C for 0.5 h. Dried OM (0.5 mL) and
dried OA (0.5 mL) were injected at 120 °C under Ar. The solution
was then heated to 200 °C and maintained for 10 min. Afterward, as-
prepared Cs-oleate (0.4 mL) was quickly injected and the reaction
mixture was cooled by an ice-water bath after 30 s.
4.3. Synthesis of Eu2+-Doped CsPbX3 NCs
For instance, Eu2+-doped CsPbBr3 (x = 7.2%) NCs were synthesized
by adding EuBr2 (0.056 g), thoroughly ground into very fine powder,
PbBr2 (0.044 g), and ODE (5 mL) to a three-necked flask and dried
under vacuum at 120 °C for 0.5 h to remove H2O and O2 molecules.
Dried OM (1 mL) and dried OA (0.5 mL) were injected at 120 °C
under Ar, whereafter the reaction mixture was put under vacuum and
refilled with Ar gas several times at 120 °C for 2 h. The temperature
was raised to 200 °C and maintained for 1 h to completely dissolve
PbBr2 and EuBr2. Afterward, as-prepared Cs-oleate (0.25 mL) was
rapidly injected into the reaction vessel. After 30 s, the reaction
mixture was cooled by an ice-water bath. Eu2+-doped CsPbCl3 was
synthesized by EuCl2 (0.041 g) and PbCl2 (0.034 g), and Eu2+-doped
CsPbBr1.8Cl1.2 was synthesized by EuBr2 (0.056 g) and PbCl2 (0.034
g).
4.4. Purification
The crude sample was separated by centrifugation at 15,000 rpm for
10 min to retain the precipitate. Then, in order to remove unreacted
components and byproducts, the precipitate was dispersed in toluene
and centrifuged at 1000 rpm to remove the precipitate and leave the
luminous supernatant. Subsequently, the dispersion was stored in a
refrigerator at −4 °C.
4.5. Preparation of PMMA-Eu2+-Doped CsPbBr3 NCs
Composite Films
One gram of PMMA was dissolved in toluene with a concentration of
200 mg mL−1 at 40 °C. Ten milliliters of NCs were added into the
PMMA solution and stirred vigorously for 1 h. In order to prepare a
PMMA-Eu2+-doped CsPbBr3 NCs film, the mixed solution was cast
onto the surface of a 2 cm × 2 cm quartz substrate and the film was
dried under vacuum overnight.
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