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ABSTRACT

The current studies on lead-free double perovskites (DPs) have mainly focused on the optimization of
their optical properties, while less attention has been paid to their optical stability under high humidity
environment. However, optoelectronic devices will inevitably be exposed to high humidity environment
in practical applications so that investigating the optical stability of lead-free DPs under high humidity
environment will be especially important for its subsequent development. We prepared lead-free DP
CsyNaj_xBi1_xMnyxClg microcrystals (MCs) with different Mn2* content by the solution method at room
temperature, where the photoluminescence quantum yield (PLQY) of Cs;Nag sBip sMng 4Clg MCs achieved
a maximum of 22.3% with 20% doping of Mn**, subsequently tested for stability under high humidity
environment. The results indicated that the structure and fluorescence properties of CsyNagg.
BipgMng4Clg MCs were destroyed after being contacted with water molecules and that Cs;Nagg.
BipgsMnp4Clg MCs was subsequently restored again by using hydrochloric acid solution, but its
fluorescence was not able to reach initial intensity, which severely affected its application under high
humidity environment. Therefore, the encapsulation of Cs;Nag gBip sMng 4Clg MCs using water stable and
highly transparent SiO, was proposed to obtain Cs;NaggBiggMng4Clg@SiO, core-shell MCs, its optical
properties were unaffected after stored in aqueous solution for 10 days. The assembled light emitting
diode devices kept constant illumination output in harsh environment of 85% relative humidity, which
laid a solid foundation for the subsequent development of lead-free DP optoelectronic devices.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

proposed to replace partial or complete Pb** by using divalent
metal cations Sn®>* and Ge?*, but they are highly susceptible of

In recent years, lead halide perovskites materials were consid-
ered as candidates for optoelectronic devices in the future owing to
their excellent optical and electronic properties, and they have
been extensively investigated in the fields of solar cells, light
emitting diodes (LEDs), photodetectors, and so on [1—8]. Unfortu-
nately, the inherent toxicity and instability under environmental
conditions of lead halide perovskites cannot be thoroughly elimi-
nated, severely hindering its further development in commercial
devices [9—12]. To overcome the toxicity of Pb?", researchers have
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being oxidized to Sn** and Ge** in the ambient atmosphere, so the
strategy of isovalent substitution was risky [13—15]. Subsequently,
the synthesis of stable lead-free double perovskites (DPs) by
combining monovalent (B*) and trivalent (B3*) metal cations to
heterovalently replace Pb%" attracted much attention, with the
general formula A;BYB3*Xg (A = Cs*, Rb*; BT = Ag™, K*, Na*, Lit;
B3+ = Bi**, Sb>*, In**; X = C1~, Br™, I"), which maintained the 3D
perovskite structure and charge neutrality, bringing great potential
for the subsequent development of their optoelectronic properties
[16—18]. However, the current studies have more attention on
optimizing the optical behaviors of lead-free DPs and less on their
optical stability under high humidity environments, which will be
detrimental to its further development in practical applications.
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Nowadays, multiple preparation routes were reported to acquire
different lead-free DP materials [19—21]. Of these, the indirect
bandgap Cs;NaBiClg, as an emerging lead-free DP, has a band edge
transition that was parity allowed, but was characterized with
weak oscillator strength, which resulted in lower photo-
luminescence quantum yield (PLQY) that severely limited its
application in optoelectronics [22]. It has been claimed that the
introduction of long lifetime Mn2" into the lattice of Cs,NaBiClg by
different synthetic methods can be optimized for its optical prop-
erties, enabling it to exhibit orange red photoluminescence (PL)
under ultraviolet (UV) excitation [23]. For example,
CsyNaBiClg:Mn?* nanocrystals (NCs) were achieved by doping
Mn?* into Cs,NaBiClg with high temperature thermal injection, and
Cs,NaBiClg:Mn?* microcrystals (MCs) were produced by high
temperature chemical reflow, and both exhibited bright
orange—red fluorescence emission, suggesting that Mn?* doping
was a simple and effective method for enhancing the optical
properties of Cs,NaBiClg [24,25]. However, optoelectronic materials
will inevitably be exposed to some high humidity environments
during practical applications [26,27]. The pure phase Cs,AgBiBrg
NCs were found to be self-passivated in aqueous solution forming
BiOBr, its crystal structure was severely damaged [28]. Therefore,
the investigation into the optical stability of Mn®>*-doped Cs,Ag-
BiClg under high humidity environment will be an indispensable
step in its commercial development process.

In this work, octahedral CsyNaj_xBi;_xMnyxClg MCs doped with
different Mn®* content was prepared at room temperature by
applying a simple solution method, and they emitted a bright
orange—red fluorescence at 585 nm, where the PLQY of CsyNags.
Big.gsMngp4Clg MCs can be up to 22.3%. Especially, the stability of
CsyNag gBiggMng 4Clg MCs with the best optical properties was
tested under high humidity environment, and the results showed
that fluorescent emission of CsyNag gBig gMng 4Clg MCs was rapidly
quenched after being contacted with water molecules. Although
the PL properties of Cs;Nag gBiggMng4Clg MCs were subsequently
recovered by adding the hydrochloric acid (HCI) solution again, the
fluorescence was unable to reach its initial intensity, which greatly
limited the application of CsyNaggBiggMng4Cls MCs under high
humidity environment. Therefore, Cs;NaggBipgMng4Cls@SiO;
core-shell MCs were fabricated by encapsulating Cs;Nags.
BipgMng4Clg MCs with water-stable and highly transparent SiO»,
and their structural and optical properties were stabilized after
being stored in pure aqueous solution for 10 days. Moreover, the
LED devices assembled with CsyNaggBiggMng4Clg@SiO; MCs
exhibited minimal changes in the corresponding optoelectronic
parameters after being stored at 85% relative humidity (RH) for
150 h, which dramatically enhanced the competitiveness of lead-
free DP materials for commercial optoelectronic device applica-
tions in the future.

2. Results and discussion

Herein, Cs;NaBiClg MCs doped with different Mn?* contents
were prepared by a simple solution method, and their structures
and microscopic morphologies were investigated. The X-ray
diffraction (XRD) patterns revealed that all samples were highly
crystalized in the DP crystal structure, and their diffraction peaks
completely followed the bulk Cs;NaBiClg (ICSD: 2738), with no
significant secondary phase was observed (Fig. 1a), indicating that
the Mn?* had been doped into the Cs,NaBiClg MCs. It is known
from previous related studies that the electronegativity difference
between Mn (1.55) and Cs (0.79) was larger so that the possibility of
Mn?* replacing the Cs * site during the doping process was lower.
Conversely, the ionic radius of Mn?* (R = 83 p.m., coordination
number, CN = 6) was smaller than that of Na* (R = 102 p.m.,,
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CN = 6) and Bi** (R = 103 p.m., CN = 6), it could potentially sub-
stitute for both Na* and Bi**. Subsequently, the possibility of ionic
substitution was closely evaluated according to defect chemistry,
and the acceptable percentage difference between the two ionic
radii should be lower than 25% [29]. The substitution relationship
can be derived from the following equation:

[Rm(CN) — R4(CN)]

Dy =100% x R (CN)

(1)

where D; is the percentage difference in radius, CN is the coordi-
nation number. Ry, and Ry are the radii of the main cation and the
doped cation, respectively. The calculations show that the Dr values
between Mn?* with Na*(18.63%)/Bi>*(19.42%) were all lower than
the limit value (25%), and the similar D; values indicated that the
exchange potential of Mn?* and Na*/Bi>* should be equal. More-
over, first-principle calculations of formation energy suggested that
Mn?* could simultaneously replace part of Na* and Bi>* to form
CsyNaq_xBij_xMnyxClg (Fig. 1b) [30]. Meanwhile, the magnification
of XRD in the 22.5°—24.0° range indicated that the diffraction peaks
of CsyNaj_xBij_xMnyxClg MCs were shifted toward a higher 26
angle as the Mn?* content increased (Fig. S1), which just confirmed
that Nat and Bi** were replaced by the smaller Mn?* caused to
lattice contraction. Subsequently, Raman spectroscopy was applied
to probe further the microstructural changes of CsyNaj_x.
Bi;_xMn2xClg MCs as the doping concentration of Mn?* increased
(Fig. S2a). Two different vibrational modes can be seen in the
Raman spectrum of the pure phase CsyNaBiClg MCs, belonging to
the Tpg (at 113 cm) mode of [BiClg]>" octahedral bending vibrations
and the Ajg (at 280 cm) mode of [BiClg]>" octahedral stretching
vibrations, respectively [31]. Notably, both the T»g and Ajg modes of
CsyNaj_xBij_xMnyxClg MCs gradually shifted toward higher wave
numbers when Mn?* was doped (Fig. S2b), which was attributed to
the replacement of Bi** site by smaller Mn?*, resulting in a
reduction of the average Mn/Bi—Cl bond length [32]. These results
reconfirmed that Mn?* had been doped into Cs,NaBiClg MCs, and
CsyNaj_Bij_xMnyxCls MCs preserved the cubic symmetry of
CsyNaBiClg.

The scanning electron microscope (SEM) images of CsyNaj_x.
Bi;_xMn2xClg MCs with different Mn?* contents (x = 0.00 and 0.01)
showed that the morphology of the samples before and after
doping was uniform (Fig. 1c, e), displaying octahedral MC particles
and the surface of each MC particle was very smooth (inset of
Fig. 1c, e). Moreover, CspNaj_Bij_xMnyxClg MCs under the other
doping components (x = 0.05, 0.10, 0.15, 0.20, 0.25) also exhibited
octahedral MC particles with an average size of approximately
10 pm (Fig. S3), indicating that the doping of Mn?* does not trigger
a change in crystal morphology. Correspondingly, the transmission
electron microscope (TEM) images of Cs;NaBiClg MCs and
CsyNag g99Big 99Mng g2Clg MCs indicated that the samples achieved
by the solution method were high crystallinity (inset of Fig. 1d, f),
with distinct lattices being observable in the high-resolution TEM
images (Fig. 1d, f). Where the lattice spacing of the pure phase
CszNaBiClg MCs was 0.38 nm, corresponding to its (220) crystal
plane (Fig. 1d). Compared to the pure phase Cs;NaBiClg MCs
(Fig. S4), the trace amount of Mn elements was detected in the
energy-dispersive spectroscopy spectrum analysis result of
CsyNag g99Big99Mng g2Clg MCs (Fig. 1g), which reflected the high
doping efficiency of Mn?*. Finally, the corresponding element
mapping images showed a homogeneous distribution of all ele-
ments in Csp;Nag gg9Bigg99Mng g2Clg MCs (Fig. 1h), which again sup-
ported the formation of alloy MCs. Combined with the above
characterization results, it can be concluded that the doping of
Mn?* in Cs,NaBiClg MCs can be successfully achieved by the simple
solution method.
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Fig. 1. (a) XRD patterns of Cs;Na;_,Bi;_xMnClg MCs with different Mn?* content, the bottom corresponds to a pure bulk Cs,NaBiClg (ICSD: 2738). (b) Schematic diagram of the
structure of Mn doped in Cs;NaBiClg MCs. SEM (c) and HRTEM (d) images of Cs;NaBiClg MCs. SEM (e) and HRTEM (f) images of Cs;Nag g9Big.99Mng 02Clg MCs. (g) EDS spectrum and
(h) elemental mapping of Cs;Nag 99Big.99Mng 02Clg MCs. The inset in (c), (e) show the corresponding single MC images. The inset in (d), (f) show the corresponding TEM images. EDS,
energy-dispersive spectroscopy; HRTEM, high-resolution transmission electron microscope; MC, microcrystal; SEM, scanning electron microscope; XRD, X-ray diffraction.

Subsequently, the optical properties of Csy;Naj_xBii_xMnyxClg
MCs with different Mn?* content were analyzed closely, enabling
their better suitability for optoelectronic devices in the future. The
UV visibile absorbance spectra of CspyNaj_xBij_xMnyxClg MCs
remained almost unchanged as the doping concentration increased
(Fig. 2a), indicating that the doped Mn?* was insensitive to the
electronic structure of the host [33]. There are three distinct ab-
sorption bands observed in the absorbance spectra of Csy;Naj_x.
Bi;_xMnyClg MCs, which are all related to the 6s*> — 6s'p!
transition of the [BiClg]>" octahedra [23,25]. Typically, the anti-
bonding interaction between the Bi 6p and Cl 3p orbitals forms the
conduction band minimum, the antibonding interaction between
Bi 6s and CI 3p orbitals forms the valence band maximum [34]. Of
these, the double peaks at 318 and 340 nm were assigned to spin
forbidden 1Sg—3P; transition, the splitting of this transition being
attributed to the dynamic Jahn-Teller effect caused by the coupling
of lattice vibrations with empty Ty, orbitals with antibonding Bi 6p-
Cl 3p character [23]. The absorption peak at 378 nm was assigned to
the spin forbidden 'Sg— 3Py transition, and the weaker intensity of
this peak originated from the spin and parity forbidden nature of
the transition [23]. The PL spectra revealed that all CsyNaj_x.
Bi;_xMnyxClg MCs doped with Mn ions displayed a broad PL
emission peak at 585 nm (Fig. 2b), which was attributed to the

transfer of excitonic energy from the conduction band to the
neighboring Mn?* ionic state. Of these, the Mn?" ionic state acted
as an additional channel to receive and accumulate photogenerated
excitons, yielding the “T;—%A; PL emission (=585 nm) (Fig. 2c)
[24,35]. However, the indirect bandgap structure and parity
allowed transitions with weak oscillator strength in pure phase
CsyNaBiClg MCs so that no significant PL property was displayed
[22]. On the other hand, all the Csy;Naj_xBii_xMnyxClg MCs
exhibited bright orange—red emission under UV irradiation as the
doping concentration of Mn?* was increased (inset of Fig. 2¢), and
the corresponding PL intensity and PLQYs values were progres-
sively improved (Fig. 2b and c). Especially, the Cs;Nag gBig.sMng 4Clg
MCs displayed excellent optical emission when the doping ratio of
Mn?* reached x = 0.20, corresponding the PLQY high up to 22.3%.
Unfortunately, the Mn?* content was further lifted (x = 0.25), and
the corresponding PL intensity and PLQY value were decayed. This
phenomenon can be explained by the previously reported PL
quenching effect caused with inter-dopant coupling under exces-
sive doping [33], and a similar phenomenon has been observed in
Mn?*-doped Cs;NaInClg crystals [36]. Finally, in order to probe
more deeply into the charge carrier recombination kinetics in
Mn?*-doped Cs;NaBiClg MCs, their time-resolved PL decay
behavior was recorded (Fig. 2d). The results showed that the PL
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Fig. 2. (a) Absorbance and (b) PL spectra of CsyNa;_Bi;_xMn,,Clg MCs with different Mn?* content. (c) Schematic diagram of the luminescence mechanism of Cs,Naj_y.
Bi;_xMn,,Clg MCs (CB, conduction band; VB, valence band). (d) Time-resolved PL spectra of Cs;Na;_Bi;_xMn,,Clg MCs doped with Mn?*. The inset in (c) exhibit photographs and
PLQYs of Cs,Na;_xBi;_xMn,,Clg MCs with different Mn?* content under UV light. MC, microcrystal; PL, photoluminescence; PLQY, photoluminescence quantum yield; UV,

ultraviolet.

decay curves of CsyNaj _xBi1 _xMnoxClg MCs can be well fitted by the
bi-exponential decay function, where the shortest average decay
lifetime was up to 3.43 ms (Table S1). According to former reported,
the decay lifetime of self-trapped exciton state PL emission was
approximately within 1078 s [37], so the longer decay lifetime of the
CszNaj _xBij_xMnyxClg MCs indicated their charge carrier recom-
bination had undergone a more complex process, which exactly
matched the luminescence mechanism proposed above (Fig. 2c).
Afterward, in order to further expand the application of Cs;Naj_x.
Bi1_xMnyxClg MCs in the field of lead-free DP optoelectronics, the
CsyNag gBipgMng4Clg MCs with the most outstanding optical
properties was selected for subsequent studies by the above
comparison.

In practical applications, optoelectronic devices will inevitably
be exposed to some high humidity environments, which will bring
new challenges to the water resistance of their core fluorescent
materials. Therefore, further exploring the optical stability of the
CszNag gBig.gMng 4Clg MCs under high humidity environment will
be more beneficial for its future commercial development. Here,
1 mL HO was injected directly into CsyNaggBiggMng4Clg MCs
powder to simulate its working environment under high humidity
conditions, followed by the structural and optical stability of
CsyNag gBig.gMng 4Clg MCs under this environment was evaluated
by recording changes in its XRD patterns, absorbance and PL
spectra. Unfortunately, after 1 mL H,O was injected into

CszNag gBig.gMng.4Clg MCs powder, the sample remained as a white
powder, but its orange—red fluorescence emission under UV exci-
tation was completely quenched (Fig. 3a). Correspondingly, the
main crystal phase of the sample was transformed after injecting
water, with the characteristic diffraction peak of the pristine
CszNag gBig.gMng 4Clg MCs rapidly weakening and being replaced by
a strong diffraction peak of BiOCI (Fig. 3b). This can be explained by
the fact that Bi** in CsyNaggBigpgMng4Clg would react with Hz0
molecules to form BiOCl under high humidity environment, thus
causing the decomposition of the main crystal phase, which
directly triggered the fluorescence quenching. The transformation
of the main crystal phase can be described by the following
equation,

CspNaq_xBii_xMnyxClg + (1-x) H;0 — (1-x) BiOCI + 2 Cs* + (1-x)
Nat + (2x) Mn?* + (2-2x) H" + (5+x) CI~

A similar phenomenon was reported in a previous study on
Cs»AgBiBrg NCs, where Bi>* in Cs,AgBiBrg reacted with H,O mol-
ecules to produce BiOBr [28]. Moreover, the optical properties of
the CsyNag gBip sMng.4Clg MCs suffered severe damage. The results
revealed that the three distinct absorption peaks of CsyNags.
BipsMng 4Clg MCs disappeared completely with injecting H,O and
were replaced by the absorbance spectrum of the pure phase BiOCl
(Fig. 3c). The elimination of the characteristic absorption peak can
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Fig. 3. (a) Photographs of Cs;Nag gBiggsMng 4Clg MCs under daylight and UV light after injecting 1 mL H,0. The changes in (b) XRD patterns, (c¢) absorbance and PL spectra of the
samples before and after H,0 injection. Subsequently, (d) photographs of the samples under daylight and UV light after injecting 5 mL HCI again. The changes in (e) XRD patterns, (f)
absorbance and PL spectra of the samples before and after HCl injection. The inset in (f) shows a photograph of the final collected powder under UV light. MC, microcrystal; PL,

photoluminescence; UV, ultraviolet; XRD, X-ray diffraction.

be attributed to a change in the main crystal phase of sample
(CsyNag gBiggMng4Clg — BiOCl) (Fig. 3b), where the [BiCIGP_
octahedral structure of the pristine Cs;Nag gBig.gMng.4Clg MCs was
destroyed, and the corresponding 6s> — 6s'p! transitions would
no longer exist. At the same time, the PL property of Cs;Nagg.
Big.sMng 4Clg MCs was also totally lost, which was closely linked to
the transformation in the crystal phase of the sample. Subse-
quently, SEM image of the sample after injecting H,0 showed that
the octahedral particles of CsyNag.gBiggMng 4Clg MCs were already
unobservable (Fig. S5a), and the sample had been transformed into
irregular lamellar particles at this time, which again indicated the
rapid decomposition of CsyNaggBiggMng4Cls MCs after contact
with H,O molecules, directly inhibiting its optical stability under
high humidity environments.

Interestingly, the sample after injecting H,O was dried and re-
collected, and it still exhibited no fluorescence properties
(Fig. 3d), indicating that the reaction of Csy;Nag gBiggMng 4Clg MCs
with H,O molecules was irreversible. Excitingly, the fluorescence
properties of the sample were restored by re-injecting 5 mL HCI
into the dried sample (Fig. 3d). The XRD pattern of the sample was
further monitored and the results showed that the diffraction peak
of BiOCl was suppressed, while the characteristic diffraction peak of
CsyNag gBip.gMng 4Clg MCs reoccupied the location of the main
crystal phase (Fig. 3e). This phenomenon suggested that the sample
had again undergone a crystal phase transformation and that BiOCI
can be utilized as a reactant for the synthesis of CsyNagg.
Big.gMng 4Cls, which reacted again with Cs*, Na*, and Mn?* in HCL
solvent to obtain Cs;NaggBiggMng4Clg MCs with fluorescent
properties. The transformation again of the main crystal phase can
be described by the following equation,

(1-x) BiOCl + 2 Cs* + (1-x) Na* + (2x) Mn?* + (5+x) HCl —
CspNaj_xBitxMnoyClg + (5+4%) HT + (1-x) 0%

In previous reports, BiOCl had also been utilized by re-
searchers to synthesize Cs;AgBiClg MCs [38]. At the same time,

the optical properties of the sample were recovered (Fig. 3f), and
the three characteristic absorption peaks of Cs;Nag gBig.gMng 4Clg
MCs were clearly observed in its corresponding absorbance
spectrum, and the corresponding PL spectrum also exhibited a
noticeable fluorescence emission peak at 585 nm, which was
attributed to the re-reaction of the sample to acquire CsyNagg.
Bip.sMng 4Clg MCs after the HCI injection. Additionally, it can be
seen that the dried sample also displayed orange—red emission
under UV irradiation (inset of Fig. 3f), but its PLQY was only 16.1%
and could not be restored to 22.3% of the pristine Csy;Nagsg.
BipgMng4Clg MCs. Finally, SEM image of the sample after
injecting HCI indicated that the sample collected was irregularly
blocky (Fig. S5b), and unable to revert the pristine octahedral
particles, implying that the microscopic morphology modifica-
tion caused by the reaction of CsyNaggBiggMng4Clg MCs with
H,0 molecules was permanent. The above test results revealed
that Csy;NaggBiggMng4Clg MCs would rapidly transform into
BiOCl after contact with water molecules, accompanied by a
quenching of its optical properties, which suggested that
CsaNag gBiggsMng 4Clg MCs was not suitable for operation under
high humidity environment, severely limiting its development in
the field of optoelectronic devices. Therefore, solving the optical
instability of Cs;NaggBiggMng4Cls MCs under high humidity
condition will become an integral step for its subsequent com-
mercial development.

Targeting to solve the structural and optical instability of
CsyNag gBiggMng 4Clg MCs under high humidity environment,
referring to the previous methods of improving the water stability
of lead halide perovskite [39—41], a strategy of surface encapsula-
tion of CsyNapgBiggMng4Cls MCs by water stable and highly
transparent SiO, layer was proposed, which was simple and low-
cost. As shown in Fig. 4a, the before prepared Cs;Nagg.
BiggMng 4Clg MCs were dispersed in ethanol absolute, followed by
Si(OC,H5s)4 being injected into the solution by the sol-gel method,
which was hydrolyzed in air at room temperature, thereby formed
stable CsyNag gBiggMng4Clg@SiO, core-shell MCs. Here, the
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Fig. 4. (a) A schematic diagram for the preparation process of Cs;Nag gBiggMng 4Cls@SiO, MCs. SEM (b) and HRTEM (c) images of Cs;Nag gBigsMng 4Cls@SiO, MCs. (d) Elemental
mapping of Cs;Nag gBigsMng 4Cls@SiO, MCs. (e) XRD pattern of Cs;Nag gBiggMng 4Cle@SiO, MCs. (f) Absorbance, PL, and (g) time-resolved PL spectra of CsyNag gBigsMng 4Clg@SiO;
MCs. The inset in (b) shows the corresponding single MC. The inset in (c) shows the corresponding TEM image. HRTEM, high-resolution transmission electron microscope; MC,
microcrystal; PL, photoluminescence; SEM, scanning electron microscope; TEM, transmission electron microscope; XRD, X-ray diffraction.

hydrolysis process of precursor Si(OC;Hs)4 with water molecules in
air can be described as follows [42].

Colloidal solution (sol):—SiOC,Hs + H,O — —SiOH + CoHs0H

Gel-like network: —SiOH + SiOCyHs — Si—0-Si + C;Hs0H
Polycondensation (gel): —SiOH + —SiOH — —SiOSi + H,0

As can be seen from the SEM image, the encapsulation process of
SiO, did not cause any significant damage to the structure of
CsyNag gBiggMng 4Clg MCs, and the morphology of the sample
remained as octahedral particles with an average size of about
10 um (Fig. 4b). At the same time, the surface of CsyNaps.
BipgMng4Clg@SiO; MC was no longer smooth, which can be
attributed to the encapsulation of the SiO, layer on its surface (inset
of Fig. 4b). The corresponding TEM image can also clearly observe
the existence a SiO, shell on the surface of Csy;Nag gBig gMng 4Clg MC
(inset of Fig. 4c), with the internal CsyNaggBiggMng4Clg MC still
exhibiting high crystallinity and a lattice spacing of 0.26 nm
(Fig. 4c). Additionally, there were extra Si and O elements being
detected in the energy-dispersive spectroscopy spectrum of
CsyNag gBip.sMng 4Clg@SiO2 MCs (Fig. S6), and the elemental map-
ping images also reflected their uniform distribution on the surface
of CsyNaggBipgMng4Clg (Fig. 4d), which again confirmed that

CsyNag gBipgMng 4Clg MCs had been completely encapsulated by
SiO, to obtain stable Csy;NaggBiggMng4Clg@SiO, MCs. Subse-
quently, the XRD pattern indicated that Cs;Nag gBig sMng 4Cls@SiO;
MCs after SiO2 encapsulation maintained the DP structure of bulk
CsyNaBiClg (Fig. 4e), which stemmed from the fact that the higher
crystallinity of CsyNaggBipgMng4Clg MCs completely masked the
diffraction peaks of amorphous SiO,, implying that its own optical
properties were preserved. The absorbance spectrum of Cs;Nagg-
Big gMng 4Clg@SiO, MCs was basically consistent with CsyNagsg.
BipgMng 4Clg MCs, the three characteristic absorption peaks were
observed (Fig. 4f, blue line), and the PL spectrum also showed a
broad PL peak at 585 nm (Fig. 4f, red line), with the corresponding
PLQY remaining at 23.5%, these benefited from the high transparent
of the surface SiO; layer, which allowed the optical properties of
CsyNag gBiggMng 4Clg MCs to be maximally retained. The time-
resolved PL spectrum of CsyNag gBipgMng4Clg@SiO, MCs revealed
that its PL decay curve was also fitted by a bi-exponential decay
function (Fig. 4g), and the results suggested that its average decay
lifetime (4.12 ms) was almost identical to the unencapsulated
CsyNag gBipgMng4Clg MCs (4.08 ms), indicating that the high
transmittance SiO; was not shielding the light absorption and
emission of Csy;NaggBiggMng4Clg, which again supported that
encapsulation of SiO, did not interfere with the optical properties
of CsyNag gBiggMng4Clg MCs. From the analysis of these charac-
terization results, it can be concluded that the optical properties of
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CsyNag gBip.gMng 4Clg@SiO2 MCs after SiO2 encapsulation were not
weakened, it was equally suitable for the exploitation of lead-free
DP optoelectronic devices.

Further investigation was carried on the stability of Csy;Nagg-
BipgMng 4Clg@SiO, MCs after encapsulation by SiO; under high
humidity environment. Similarly, 1 mL H,O was injected into the
CsyNag gBig.gMng 4Clg@SiO, MCs powder to simulate it being
exposed to high humidity environment. Surprisingly, the
CsyNag gBig.gMng 4Clg@SiO, MCs powder was still able to exhibit
strong orange—red light emission under UV light after 1 mL H,0
was injected (Fig. 5a), which stemmed from the SiO, encapsulation
layer on the surface provided a protective effect for the internal
CsyNag gBip.sMng 4Clg. A similar phenomenon has been reported in
lead halide perovskite, where CsPbX3@SiO, encapsulated by SiO,
showed long-term stability in aqueous solution [43]. No significant
secondary phase was detected in the corresponding XRD pattern
(Fig. 5b), which reflected the comprehensive encapsulation of
CsyNag gBiggMng 4Clg by SiO, so that the crystal phase trans-
formation was not triggered upon contact with H,O molecules.
There is no doubt that the optical properties of CsyNaps.
Bip.sMng 4Cls@SiO, MCs were also not noticeably altered after being
injected with H0 (Fig. 5c). Of these, all the characteristic absorp-
tion peaks of Csy;Nag gBig.gsMng 4Clg@SiO, MCs can be monitored in
its absorbance spectrum, which benefited from the fact that the
[BiClg]*>" octahedral structure was preserved, the corresponding PL
emission intensity has not been decayed. Meanwhile, the
morphology of Cs;NaggBipgMng4Clg@SiO, MCs was  also
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maintained as a primitive octahedral particle (Fig. 5d), confirming
again that the encapsulation of SiO, was very effective, which
completely isolated Cs;NaggBig.gMng4Clg from contact with HyO
molecules. In addition, long-term water stability was also an
important indicator for optoelectronic materials, so ultra-long-
—term water stability test was carried to CsyNags.
BipgMng 4Clg@SiO; MCs. The results demonstrated that the optical
properties and crystal structure of Cs;Nag gBip.gMng 4Clg@SiO, MCs
did not deteriorate after being stored in aqueous solution for 10
days (Fig. S7a—d), which again reflected that the surface SiO;
encapsulation layer was very stable, greatly enhancing the
competitiveness of Csy;NaggBiggMng4Clg@SiO, MCs in the future
optoelectronic material field. From the above test analysis, it can be
concluded that the encapsulation of Cs;Nag gBig.gMng 4Clg with SiO,
does effectively improve its stability in aqueous solutions, further
supporting that Cs;NaggBiggMng4Clg@SiO, MCs can be widely
applied in various lighting systems with high humidity environ-
ments, which will provide a new option for the subsequent
development of highly stable lead-free DP optoelectronic devices.

In order to evaluate the stability enhancement effect of the
CsyNag gBig.gMng 4Clg@SiO, MCs encapsulated by SiO; in practical
optoelectronic applications, CsyNaggBipgMng4Cls MCs and
CsyNag gBig.gMng 4Clg@SiO, MCs were separately coated on the UV
chip surface and assembled into high performance orange—red LED
devices (Fig. 6a). The LED devices assembled from these two ma-
terials both exhibited bright orange—red emission, and the corre-
sponding international commission on illumination diagrams

(o
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Cs,Nag gBig sMng 4Clg
@Sio,

| ull-llJu_L_h_L_
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Fig. 5. (a) Photographs of Cs;Nag gBip sMng 4Clg@SiO, MCs under daylight and UV light after injecting 1 mL H,0. The changes in (b) XRD patterns, (c) absorbance and PL spectra of
the samples before and after H,0 injection. (d) SEM image of the sample after injecting H,0. MC, microcrystal; PL, photoluminescence; SEM, scanning electron microscope; UV,

ultraviolet; XRD, X-ray diffractiton.
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Fig. 6. (a) Schematic diagram of the LED devices assembled with Cs;NaggBiggMng4Clg MCs and Cs;Nag gBig gMng 4Clg@SiO, MCs respectively, and the operational stability test of
LEDs under high humidity (85% RH) conditions. (b), (e) EL spectra of LED devices at different drive currents. Changes in the (c), (f) EL spectra, (d), (g) luminance (blue dot) and CCT
(red dot) of the LEDs at different storage times under high humidity environments. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article). CCT, correlated color temperature; EL, electroluminescence; MC, microcrystal; LED, light emitting diode; RH, relative humidity.

revealed their color coordinates located at (0.52, 0.47) and (0.50,
0.48), respectively, both being classified in the orange—red region
(Fig. S8a—b), suggesting that the encapsulation of SiO, does not
cause significant fluctuation in LED light emission. When the drive
current was increased from 5 mA to 100 mA, there was no apparent
saturation of the emission intensity observed in the electrolumi-
nescence (EL) spectra for both LED devices (Fig. 6b, e), and the
corresponding device luminance also improved with increased
current (Fig. S9a—b, blue dot), indicating that the Cs;Nagg.
BipgMng4Clg MCs and CsyNag gBipgMng 4Clg@SiO, MCs separately
assembled LEDs would be suitable for high power lighting and
display systems. At the same time, the correlated color temperature
(CCT) values of both LED devices were maintained at approximately
1800 K, which was attributed to the fact that their light emission
both came from Cs;Nag gBig.gMng 4Clg. Moreover, the corresponding
CCT values do not vary drastically with increasing drive current,
suggesting that the LEDs keep their high light emission purity at
different running powers (Fig. S9a—b, red dot). Especially, the
enhancement effect on the stability of optoelectronic devices by
SiO; encapsulation was evaluated by placing the assembled LEDs in
a constant humidity test chamber. In order to probe the working
state of the device under extreme humidity, the RH in the test

chamber was maintained at 85%, and the EL spectra and related
optoelectronic parameters of the LEDs were recorded at different
storage times (Fig. 6a). Among them, the EL intensity decay of the
LED assembled with Cs;NaggBiggMng4Cls MCs was the most
obviously with the extended storage time (Fig. 6¢), which can be
attributed to the fact that Csy;NaggBiggMng4Clg MCs would be
reacted with water molecules under high humidity atmosphere,
thereby leading to a weakness in the light emission intensity of the
device, and greatly detrimental to the long-term service of the
optoelectronic device. At the same time, the luminance of the de-
vice also changed significantly as the storage time increased
(Fig. 6d, blue dot). During the first 30 h, the luminance of the device
stayed essentially at 210 cd/m?, which benefited from the lower
degree that CsyNag gBiggMng 4Clg MCs was eroded by water mole-
cules not enough for significant effects on light emission. The
luminance of the LED also began to decay as the storage time
continued to extend, the Cs;Nag gBig.gMng4Clg MCs was seriously
affected by the erosion of water molecules at this point, and a large
amount of BiOCl without optical properties attached to the UV chip
surface, hindering the light emission of the device, and the lumi-
nance had decayed to 140 cd/m? at storage for 105 h. The decaying
trend in the luminance of the device became slower as the storage
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time was further extended, which can be attributed to the fact that
the BiOCl covered on the surface was able to isolate the water
molecules, acting as a protection for the CsyNag gBig gMng 4Clg MCs
in the deeper layers. The luminance of LEDs was only 130 cd/m?
after being stored at 85% RH for 150 h, corresponding the CCT value
shifted to 1700 K (Fig. 6d, red dot), which seriously inconsistent
with the stability requirements of modern optoelectronic devices,
thus CsyNag gBig gMng 4Clg MCs was unsuitable as a candidate for a
new optoelectronic material. In stark contrast, the EL intensity of
the LED assembled with Cs;NaggBiggMng4Clg@SiO, MCs barely
changed in 85% RH environment with storage time elevated
(Fig. 6f), which was facilitated by the tight encapsulation of SiO»,
completely inhibiting the erosion of Cs;Nag gBig.gMng 4Clg by water
molecules. Strikingly, the optoelectronic parameters of the device
were kept stable during the entire period of storage for 150 h, with
the luminance of this LED maintained essentially at a high emission
state of 240 cd/m? (Fig. 6g, blue dot), and the corresponding CCT
value fluctuating in a small range around 1800 K (Fig. 6g, red dot).
Based on the above practical work performance of the optoelec-
tronic devices, the LED assembled with Cs;Nag gBig gMng 4Clg@SiO,
MCs maintained consistently stable optical output under high hu-
midity of 85% RH, indicating that it can be better adapted to lighting
and display systems under extreme environments, which provided
a new avenue for the subsequent development of efficient and
stable lead-free DP devices.

3. Conclusion

In summary, a series of CsyNaj_xBij_xMnyxClg MCs with
different Mn?* content was acquired by a simple solution method
at room temperature, and the stability of Cs;Nag gBig.gMng 4Clg MCs,
the most optically prominent performer, was investigated under
high humidity environment. Unfortunately, the host structure of
CszNag gBig.gMng 4Clg MCs rapidly transformed to BiOCl in aqueous
solution, accompanied by the quenching of its orange-red PL
emission, indicating that CsyNaj_xBij_xMnyxClg MCs was unsuit-
able for optoelectronic applications under high humidity environ-
ment. Interestingly, the fluorescent properties were restored again
by adding HCI solution to the destroyed product, but it was not
possible to recover the initial intensity, and the main crystal phase
was again transformed into CsyNaggBiggMng4Clg MCs, indicating
that BiOCl can also be used as a reactant for the preparation of
CsyNaj _xBij_xMnyxClg MCs. Based on this, it was proposed that
CszNag gBig.gMng 4Clg@SiO, MCs core-shell MCs were fabricated by
surface encapsulation with water stable and highly transparent
SiO,, and its optical properties were not decayed after being stored
in aqueous solution for 10 days, benefiting from the effective
isolation of water molecules by the SiO; encapsulation layer. At the
same time, the LED devices assembled with Cs;Nagg.
Bip.gsMng 4Clg@SiO, MCs were stored for 150 h under high humidity
environment (85% RH), its lighting output remained constant. We
believe that this strategy of SiO, surface encapsulation will signif-
icantly improve the stability of lead-free DP materials, paving the
way for the development of subsequent optoelectronic devices
under extreme environments.
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