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Lead-free double perovskite (DP) crystals have received considerable attention for solving the toxicity
and instability issues of traditional lead-based perovskites. However, recent studies have focused mainly
on the improved optical performance of lead-free DP crystals, with less attention paid to their optical
stability under high humidity environments. In this study, ligand-free lead-free DP Cs,AglIng 93Bip.07Clg
nanocrystals (NCs) with excellent optical properties were prepared as research objects, and the larger
surface area of the NCs caused them to be rapidly transformed into other phases after contact
with water molecules, accompanied by a complete loss of optical properties, which significantly
limited their application under high humidity environments. Therefore, surface capping treatment for
Cs,AgIng 93Big.07Cls NCs with an oleic acid (OA) ligand and polyvinylidene difluoride (PVDF) was
proposed to achieve Cs,Aglng o93Bin 07Cle NCs-OA and Cs,Aglng.g3Bio.07Cle/PVDF composite films (CFs)
with high water stability. In particular, the optically outstanding Cs,Aglng ¢3Big.07Clg/PVDF CFs exhibited
stable fluorescence emission even after being stored in water solution for 10 days, and the assembled
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LED device operated well for a long time under 85% relative humidity (RH), which will bring a new dawn
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Introduction

In recent years, lead halide perovskite nanocrystals (NCs) have
been considered a star material in next generation optoelec-
tronic devices due to their narrow bandwidth, high carrier
mobility and coordinated emission, and have been widely
applied in light emitting diodes (LEDs), photodetectors, solar
cells, etc.' Unfortunately, the inherent toxicity of Pb** and
instability under environmental conditions severely hinder its
application in commercial fields, and therefore the replace-
ment of Pb*>* with less toxic or non-toxic elements has become
an effective solution that has received wide attention.®™®
Commonly, divalent metal cations have been employed to
isovalently replace Pb®*, but they are highly susceptible to
oxidation,”'® thus the synthesis of stable lead-free double
perovskites (DPs) by heterovalent replacement with a combination
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for the commercialization of next-generation lead-free DP optoelectronic devices.

of monovalent (B") and trivalent (B*") metal cations was consid-
ered promising.’’ ™ However, in the existing reports of lead-free
DP NCs, the researchers have been more concerned with the
optimization of their optical properties,''> rather than their
optical stability in water medium, which will be detrimental to
their application under some high humidity environments.
Recently, different lead-free DP materials have been
obtained on the nanoscale using multiple synthetic routes.’®™°
Of these, the Cs,AgBiX, (X = Cl, Br, I) DP material is valued for its
high light absorption coefficient and improved photostability, and
has been applied to alcohol-based photocatalytic systems and
solar cells.”>* However, Cs,AgBiX, exhibited weak PL emission,
which was attributed to its indirect bandgap structure, severely
limiting its application in lighting and display applications.>*2°
Fortunately, the photoluminescence (PL) properties of Cs,AgBiXg
have already been enhanced by strategies such as doping
and alloying, allowing it to exhibit excellent fluorescence
emission.””?° The co-doping of Yb** and Mn** in Cs,AgBiX;
(X = Cl, Br, I) was achieved by high temperature thermal
injection, and double emission distribution at 680 nm and
1000 nm was observed in the optimized NCs.*® Moreover, the
band gap structure of Cs,AgBiXs was induced to change from
indirect to direct using an alloying strategy that utilized Ag" and
Na" as B, thereby effectively boosting its photoluminescence
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quantum yields (PLQYs).>' However, it has been reported that
pure phase Cs,AgBiBrs NCs can self-passivate to form BiOBr
when immersed in water solution,** which will transform the
crystal structure of Cs,AgBiBrs NCs and consequently be devas-
tating to the optical properties. Therefore, it is essential to
investigate the optical stability of optimized Cs,AgBiXe in water
solution for its further development in the commercial field.
In this work, ligand-free Cs,AgBiCl¢ NCs were acquired
using a simple solvent-resistant recrystallisation method, and
a subsequent strategy of adjusting the initial Bi/In metal
precursors was adopted to complete the transformation for
the band gap structure of Cs,AgBiCls from indirect to direct,
resulting in ligand-free Cs,AgIn, 93Big ¢;Cls NCs with PLQYs of
up to 19.72%. After that, the stability of ligand-free Cs,AgIng o3-
Big.07Cls NCs under a high humidity environment was studied,
and the results showed that Cs,AgIngg;Big7Cls NCs, with
a larger surface area, rapidly transformed into other phases
when in contact with water molecules, accompanied by the
complete loss of optical properties, which greatly affects its
practical application. Therefore, the surface capping treatment
of Cs,AgIn, ¢3Big;Cls using the oleic acid (OA) ligand and
polyvinylidene difluoride (PVDF) was proposed, resulting in
the preparation of Cs,AgIn, 93Biy ¢7Cls NCs-OA and Cs,AgIng o3-
Big.;Cl¢/PVDF composite films (CFs) with enhanced water
stability, respectively. In particular, the performance of Cs,A-
gIn, 93Big 07Cle/PVDF CFs was outstanding, it still possessed a
stable PL even after storage in pure water for 10 days, and the
assembled LED devices operate well under 85% relative humid-
ity (RH), which will significantly facilitate the development of
lead-free DP materials in the future commercial lighting field.

Results and discussion

The preparation of lead-free DP NCs with uncapped surfaces
by the antisolvent recrystallization method has been widely
applied.>*?* In this report, ligand-free Cs,AgIn,Bi, ,Clg NCs
with different feeding ratios were achieved by adjusting the
ratio of the initial Bi/In metal precursors, and the structure and
microscopic morphology of Cs,AgIn,Bi; ,Cls NCs with differ-
ent In®" contents were investigated using X-ray diffraction
(XRD) and transmission electron microscopy equipped with
energy-dispersive spectroscopy (TEM-EDS). In order to obtain the
actual doping ratio of In*', the elements in Cs,AgIn,Bi; ,Cls NCs
were quantitatively analyzed by inductively coupled plasma
emission spectrometry (ICP-OES), and the results showed
that the doping ratio increased as the feed amount of InCl;
improved (Table S1, ESIt). The XRD patterns of Cs,AgIn,.
Bi, ,Cls NCs with different In*" contents revealed that all
samples were highly crystalized in the DP crystal structure
and that their diffraction peaks were located between bulk
Cs,AgInClg (ICSD: 257115) and bulk Cs,AgBiCls (ICSD: 291598),
in which no secondary phases were observed (Fig. 1a). Further
observation of the XRD magnification in the 32°-36° range
(Fig. 1b) revealed that the XRD peaks were shifted towards higher
20 angles as the In*" content in the Cs,AgIn,Bi; _,Clg NCs
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increased, and this result was attributed to the lattice contraction
caused by the substitution of Bi** (ionic radius of 117 pm) with
smaller In** (94 pm). Moreover, TEM images (Fig. 1c—f) of
Cs,AgIn,Bi; ,Cls NCs with different In*" contents (x = 0%, 73%,
97%, 100%) observed that the ligand-free NCs prepared using the
antisolvent recrystallization method exhibit irregular nano blocky
morphology. The morphologies of Cs,AgIn,Bi; ,Cls NCs at other
Bi/In ratios also present irregular nano blocks (Fig. S1, ESI), so
that the doping of In ions does not cause changes in the crystal
morphology. Of these, the high-resolution TEM (HRTEM) images
(insets of Fig. 1c and f) of Cs,AgBiCls NCs and Cs,AgInCls NCs
revealed lattice spacings of 0.21 and 0.20 nm, corresponding
to their (422) and (511) crystal planes, respectively. Finally, all
elements were detected in the results of the EDS spectrum
analysis of Cs,AgIngy;Bip03Cls NCs doped with 97% In**
(Fig. 1g), and their elemental mapping images revealed a homo-
geneous distribution of the different elements (Fig. 1h), which
again supported the formation of alloy NCs. The above character-
ization results confirmed that the In*" doping in Cs,AgBiCls NCs
can be successfully achieved by this simple antisolvent recrystalli-
zation fabrication method.

The optical properties of Cs,AgIn,Bi; ,Cls NCs with differ-
ent In*" contents were deeply investigated, enabling their better
application for optoelectronic applications in the future. The
UV-Vis absorbance spectrum of pure phase Cs,AgBiCls NCs
showed a strong excitonic absorption peak at 370 nm, which
was attributed to the s — p transition of Bi*" (Fig. 2a).>> In
addition, the long sub-bandgap absorption tail of Cs,AgBiClg
NCs at 400-700 nm (Fig. 2a and Fig. S2, ESIt) mainly originated
from trap-state related transition and indirect bandgap
transition.**** Unfortunately, the indirect band gap transition
belongs to the inherent properties of the materials that cannot
be eliminated (Fig. 2c), which directly resulted in the lower
fluorescence intensity of Cs,AgBiCls NCs (Fig. 2b and Fig. S3,
ESIT). These results suggested that the indirect band gap of
Cs,AgBiClg NCs greatly limited its application in the field of
optoelectronic devices.*® Similarly, the absorbance spectrum of
the pure phase Cs,AgInCls NCs does not show a significant
absorption peak (Fig. S4a, ESIt) and it exhibits a weak optical
absorption coefficient around the band gap, corresponding to
a lower PLQY value (Fig. S3 and S4b, ESIY), and therefore
Cs,AgInCls NCs were also not a suitable candidate for optoelec-
tronic materials. Here, the optical properties of Cs,AgIn,Bi; ,Clg
NCs with different Bi/In mix ratios were focused on. The absor-
bance spectra of all Cs,AgIn,Bi; ,Clg NCs (x from 8% to 97%)
exhibit an excitonic absorption peak at 370 nm originating from
Bi*" (Fig. 2a), and the absorption tail was effectively suppressed as
the In content increased (Fig. 2a and Fig. S2, ESIt). In particular,
at 97% doping of the In content, the band edges of the absorption
spectra became sharp, indicating that Cs,Aglng¢;Big03Cls NCs
showed a direct band gap nature (Fig. 2c). At the same time, a
progressively enhanced orange PL emission peak was observed at
570 nm with increasing In content (Fig. 2b and d), which derived
from the self-trapping exciton (STE) state PL emission. The
improvement of the optical properties resulted from the change
in bandgap structure of Cs,AgIn,Bi; ,Cls NCs, which gradually
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Fig. 1 (a) XRD patterns of Cs,Agin,Bi;_,Clg NCs with different In>* contents (the bottom corresponds to a pure bulk Cs,AgIinClg (ICSD: 257115) and the
top to a pure bulk Cs,AgBiClg (ICSD: 291598). (b) Magnification of the XRD patterns in the 32°-36° range. TEM images of (c) Cs,AgBiClg NCs,
(d) Cs»Aglng 73Big.27Clg NCs, (e) Cs,Aglingo7Bin.03Clg NCs and (f) Cs,AgInClg NCs. (g) EDS spectrum and (h) elemental mapping of Cs,Aglng ¢7Big.03Cle

NCs. The insets in (c and f) display the corresponding HRTEM images.

transitioned from an indirect bandgap to a direct bandgap
(Fig. 2c) with the continuous substitution of In**. Compared to
indirect bandgap materials, the absorption and recombination
processes in direct bandgap materials involve only photons and
no phonon transfer (Fig. 2c),>” thus achieving a PLQY of up to
19.72% for Cs,AgIn, o;Big¢3Clsg NCs (Fig. 2d and Fig. S3, ESIT).
The lower PLQYs of NCs compared to those of some micron
crystals (MCs) were due to the high crystallinity of the MCs,*®
but the large relative surface area of NCs provided more contact
sites for subsequent studies of their optical stability under
high humidity environments, making them more observable.
In summary, ligand-free Cs,AgIngo;Bip03Cls NCs (Cs,Aglng o -
Biy 03Cls NCs-free) with excellent optical properties were obtained
by adjusting the initial mixing ratio of Bi/In metal precursors.

It is well known that the practical application of opto-
electronic devices inevitably suffers from a high humidity
environment,*® and therefore further investigation about the
stability of Cs,AgIng ,Bip.03Cl¢ NCs-free in a water environ-
ment is more conducive to its commercialization. Here, the

4744 | J Mater. Chem. C, 2023, 11, 4742-4752

Cs,AgIng 97Big 03Cls NCs-free were transferred into a mixed
solution of isopropanol and water (volume ratio of 8:2) to
simulate a high humidity environment, then the mixed
solution under different reaction times was analyzed by XRD
patterns, absorbance and PL spectra to investigate the change
in water stability. The results indicated that Cs,AgIng ¢;Big.03Cls
NCs-free undisturbed by water molecules maintained its DP
crystal structure (Fig. 3a), showing a strong exciton absorption
peak at 370 nm (Fig. 3b) and emitting orange light of 570 nm
under 365 nm UV light irradiation (Fig. 3c and d). Subse-
quently, the main crystal phase in the mixed solution changed
rapidly with the addition of the water solution. The XRD
pattern indicated that the characteristic diffraction peaks of
Cs,AgIng o;Big 03Clg NCs disappeared rapidly (1 min), which
were replaced by many strong diffraction signals from AgCl and
BiOCl, suggesting that the elements in Cs,AgIng o;Bip.03Cls NCs
reacted with water molecules to transform into other phase
substances (Fig. 3a). At the same time, the structural stability of
Cs,AgBiClg NCs-free and Cs,AgInCls NCs-free was investigated

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Absorbance and (b) PL spectra of Cs,AgIn,Bi;_,Clg NCs as the In®* content increased. (c) Schematic representation of the absorption and
recombination processes between VBM and CBM for indirect bandgap (left) and direct bandgap (right) materials. (d) Photographs and PLQY values
corresponding to Cs,AgIn,Bi; ,Clg NCs with different In** content under a 365 nm UV light.

in the same mixed solution, respectively (Fig. S5, ESIt). After
immersion in the mixed solution for 1 min, the XRD pattern
showed that the diffraction peaks of BiOCl had completely
occupied the positions of the pristine Cs,AgBiCls, which was
attributed to the element Bi in the Cs,AgBiCls NCs reacting
with water molecules and transforming rapidly into the highly
crystalline BiOCl (Fig. S5a, ESIf). A similar phenomenon
has been reported in previous lead-free DP materials, where
Cs,AgBiBrs NCs fabricated by ligand-assisted recrystallisation
were reacted with water molecules to transform into BiOBr.*?
After immersion of the ligand-free Cs,AgInCls NCs in the mixed
solution for 1 min, the main crystal phase was rapidly trans-
formed into AgCl (Fig. S5b, ESIt), by which time the Cs,AgInCl,
NCs had already decomposed, so that the presence of
water molecules had a destructive effect on the structure of
the Cs,AgIn,Bi; ,Cl¢ NCs-free. It can be concluded that
Cs,AgIng 97Big 03Clg NCs transformed into a mixed crystal phase
of BiOCl and AgCl under high humidity, which resulted from
the elemental Bi reacting with water molecules and the decom-
position of the main crystal phase Cs,AgInCls. Additionally, the
optical properties of the Cs,AgIn, ¢;Big 03Cls NCs also suffered
severe damage. With the addition of the water solution, the
typical exciton absorption peak at 370 nm in the absorbance
spectra of Cs,AgIng¢;Bip03Cls NCs disappeared (Fig. 3b),
accompanied with the deterioration of the orange light emis-
sion intensity at 570 nm in their PL spectra (Fig. 3c), at which
time the mixed solution exhibited no fluorescence under a

This journal is © The Royal Society of Chemistry 2023

365 nm UV light (Fig. 3d). The elimination of the exciton
absorption peak derived from the s — p transition in Bi*"
reconfirmed that the element Bi was consumed by the reaction
with water, which destroyed the original band gap structure of
Cs,AgIn, 97Big.03Cls NCs, leading directly to the deterioration of
the optical properties. The above results indicated that the
Cs,AgIn, o7Big 03Cls NCs-free readily react with water molecules
to transform into BiOCl and AgCl with no optical properties,
meaning that Cs,AgIn, ¢7Big.03Cls NCs-free would not be suita-
ble for working in a high humidity environment, which severely
limits its development in the field of optoelectronic devices.
Therefore, solving the water stability problem of Cs,AgIng oy
Biy.03Cls NCs-free will be an essential link to its subsequent
exploitation.

To address the instability of Cs,AgIn, ¢7Big03Cls NCs-free in
a high humidity environment, a surface capping treatment with
different materials was proposed, by referring to previous
stability enhancement strategies of lead halide perovskites.>*°
Based on the previously mentioned antisolvent recrystalliza-
tion method, OA ligand capped Cs,AgIngo,;Big03Cls NCs
(CspAgIng o7Big03Cls NCs-OA) and Cs,AgIng o;Big ¢3Cls/PVDF
composite films (CFs) were fabricated by employing oleic acid
(OA) and polyvinylidene difluoride (PVDF) as surface capping
materials, respectively (the detailed fabrication process can be
found in the ESIt) (Fig. 4). As can be observed this treatment
method was simple to operate, and suitable for large-scale
production processes with great potential for application.

J. Mater. Chem. C, 2023, 11, 4742-4752 | 4745
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Fig. 3 (a) XRD patterns, (b) absorbance and (c) PL spectra of Cs,Aglng o7Bio 03Clg NCs-free at different times after water addition, and their photographs

(d) under 365 nm UV light.

Further analysis was carried on the structure, morphology
and optical properties of Cs,AgIngo;Bip03Cls NCs-OA and
Cs,AgIng 97Big 03Cls/PVDF CFs after the surface capping treat-
ment. The XRD pattern of Cs,AgIng ¢;Bip.03Cl¢ NCs-OA capped
with the OA ligand showed no transformation in its crystalline
phase and was consistent with Cs,AgIn, ¢,Big.03Cls NCs-free,
both being highly crystalized in the DP crystal structure
(Fig. 5a), indicating that the OA ligand was only adsorbed on
the surface of Cs,AgIngo;Big ¢3Cls NCs and did not cause a
change in its structure. TEM image of Cs,AgIn, ¢7Bio.03Cle NCs-
OA exhibited the irregular nano blocky morphology of the NCs
(Fig. 5b), which was highly concordant with the morphology of
Cs,AgIn, ¢;Bij.03Cls NCs-free in the previous section (Fig. 1e),
reaffirming that the surface capping treatment of this OA
ligand will not affect the synthesis of Cs,AgIng o;Bio.03Cle
NCs. The HRTEM image (insets of Fig. 5b) reflected the
corresponding lattice spacing of 0.23 nm for Cs,AgIngo,-
Big.03Cls NCs-OA. Additionally, the EDS spectrum and elemen-
tal mapping images of Cs,AgIng o;Big.03Cls NCs-OA revealed
that all elements were being detected (Fig. S6, ESIT), which
again supported the formation of alloy NCs. Similarly, all the
diffraction signals of Cs,AgIn, ¢7Big 03Cls were clearly detected
in the XRD pattern of Cs,AgIn, o;Biy.03Cle/PVDF CFs (Fig. 5a),
indicating that highly crystalline Cs,AgIng¢;Big ¢3Cls crystals
can be achieved using this synthetic route. Meanwhile, a broad
diffraction peak located at 19° was found in the XRD pattern,

4746 | J Mater. Chem. C, 2023, 1, 4742-4752

which is consistent with the diffraction peak position of the
pure phase PVDF film acquired under the same preparation
conditions (Fig. S7a, ESIt), indicating that this fabrication
strategy can be used for the growth of Cs,AgIng q;Big.03Cls
crystals inside PVDF films. Of these, the XRD peaks of
Cs,AgIng o7Big.03Clg crystals were more intense, thus making
the XRD peaks of PVDF appear weaker. Compared to the pure
phase PVDF film (Fig. S7b, ESIt), the SEM image of Cs,AgIn, o7-
Biy.03Cls/PVDF CFs contained many additional small crystals
with an average particle size of about 200 nm (Fig. 5c), which
still showed an irregular shape (insets of Fig. 5c). Corres-
ponding EDS analysis and elemental mapping have confirmed
the irregular crystals belonging to Cs,AgIn, o;Big.03Clg crystals
(Fig. S8, ESIt), with their relatively large particle size originating
from annealing at high temperatures during the capping treat-
ment. Finally, Fourier transform infrared (FTIR) spectroscopy
was applied to analyze the different capping materials on
the surface of the crystals (Fig. 5d). The absorption bands at
2925 and 2855 cm ™" of Cs,AgIng o7Big 03Cls NCs-OA were attrib-
uted to the stretching vibration of -CH,-, and the absorption
bands at 1549 and 1454 cm ™" belong to the stretching vibration
of COO (red line), which can confirm the presence of OA ligand
on the Cs,AgIng o,Big03Cls NCs-OA surface.’’ The absorption
band at 1402 cm™' of Cs,AgIngo;Big;Cle/PVDF CFs was
derived from the stretching vibration of C-H, and the absorp-
tion bands at 1275 cm ' and 1168 ecm ™ corresponded to the

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) XRD patterns of three samples. (b) TEM image of Cs,AgIng.97Bio.03Cls NCs-OA. (c) SEM image of Cs,Aglng o7Bio.03Cle/PVDF CFs. (d) FTIR,
(e) absorbance, normalized PL and (f) time-resolved PL spectra of three samples. The inset in (b) displays the corresponding HRTEM image. The inset in (c)

shows the corresponding locally enlarged SEM image.

stretching vibration of C-F (black line), which reflected the
presence of PVDF on the Cs,AgIngq;Big 03Cls/PVDF CFs
surface.”> However, the characteristic bands of OA and PVDF
were not detected in Cs,AgIng o;Biy 03Cls NCs-free (blue line),
indicating the absence of protective layers on its surface.
These characterization results confirm that high quality
Cs,AgIng 97Bip03Cls NCs-OA and Cs,AgIng o7Big 03Cle/PVDF

This journal is © The Royal Society of Chemistry 2023

CFs were produced by surface capping for Cs,AgIng ¢7Big.03Cle
NCs with different materials (OA ligands and PVDF).
Subsequently, the changes in the optical properties of
Cs,AgIng 97Big 03Cls NCs-free, Cs,AgIng o7Big.03Cls NCs-OA and
Cs,AgIn, 97Big.03Cls/PVDF CFs were compared. The absorption
and PL spectra of Cs,AgIng oyBip03Cle NCs-OA are similar to
those of Cs,AgIn, o;Big 03Cls NCs-free, benefiting from the fact
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that the structure and morphology remain almost unchanged,
and an intense exciton absorption peak can be clearly observed
at 370 nm with the corresponding PL emission peak being also
at 570 nm (Fig. 5e). On the other hand, the PVDF layer on
the surface of Cs,AgIngy;Big ¢3Cle/PVDF CFs was too thick,
resulting in the signal of its exciton absorption peak being
partially masked, and a broad peak with weak intensity can be
seen at 370 nm (Fig. 5e). The PL emission peak of Cs,AgIng o;-
Biy.03Cls/PVDF CFs has been red-shifted to 593 nm, which can
be attributed to the enlarged particle size, a similar phenom-
enon that has also been reported for lead halide perovskite
materials (Fig. 5¢).** In particular, the PLQYs of Cs,AgIng o,
Big03Clg NCs-OA and Cs,AgIng o;Big ¢3Cls/PVDF CFs after sur-
face capping were increased to 22.58% and 31.06%, respectively
(Fig. S9, ESIt), which was explained by the fact that the surface
defects of Cs,AgIn, 9;Big 3Cls NCs can be effectively suppressed
by the surface capping treatment.**** Finally, to gain insight
into the photophysics of the enhanced PLQY after surface
capping treatment, the time-resolved PL decay behavior of the
samples was recorded (Fig. 5f). The results revealed that the
PL decay curves of all samples were well fitted by the bi-
exponential decay function, where the fast decay was associated
with trap-assisted recombination (t,), while the slow decay was
associated with radiative recombination (t,).***> From the data
analysis it can be concluded that the surface capping treatment
was able to change the ratio (44, A,) of the two recombination
types (Table S2, ESIT), resulting in an increase in the exciton
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radiative recombination, which contributed to the improved
PLQYs of Cs,AgIng o7Big 03Cls NCs-OA and Cs,AgIng ¢7Big.03Cle/
PVDF CFs. Combined with the above optical characteristic
studies, the surface capping treatment can accomplish
enhanced optical properties of Cs,AgIng ¢;Big ¢3Cls NCs, which
enable it to be more applicable to optoelectronic lighting
systems.

The water stability of Cs,AgIn, o7Bi¢ 03Cls NCs after capping
treatment with different materials was investigated, and
changes in the structural and optical properties of Cs,AgIng o7
Big03Cls NCs-OA were monitored in the same humidity
environment (the volume ratio of isopropanol to water is 8:2),
while Cs,AgIn, ¢7Big ¢3Cle/PVDF CFs were placed in a harsher
pure water environment (the volume ratio of isopropanol to
water is 0:10) for observation. Benefiting from the protection
of the surface OA ligand, so that Cs,AgIng ¢;Bij 03Cls NCs-OA
did not exhibit loss of optical properties immediately after the
water addition, the main crystal phase in the mixed solution
remained as Cs,AgIng o;Big ¢3Clg NCs (Fig. 6a). Unfortunately,
the water solution gradually broke through the OA ligand on
the surface of the Cs,AgIngo,Big ¢3Cls NCs-OA as time pro-
gressed, which reacted with Cs,AgIng ¢;Bip03Cls to produce
other crystal phases. The XRD pattern displayed the diffraction
peaks of BiOCIl and AgCl when the mixed solution was stored
for 5 min (Fig. 6a), but the diffraction intensity was lower at this
time, indicating that only part of Cs,AgIng ¢7Big 03Cle NCs-OA
made contact with the water molecules. At the same time, the
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Fig. 6 (a and d) XRD patterns, (b and e) absorbance and (c and f) PL spectra of Cs,Aglng¢7Bin 03Cle NCs-OA and Cs,Aglng o7Bip 03Cle/PVDF CFs at
different times after water addition, and their photographs (g and h) under 365 nm UV light.
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exciton absorption peak intensity as well as the PL emission
peak intensity of Cs,AgIng o7Big 03Cls NCs-OA were weakened
(Fig. 6b and c), and their corresponding fluorescence perfor-
mance appeared to decline significantly (Fig. 6g). Especially,
the XRD peaks of BiOCl and AgCl completely replaced the
position of the pristine Cs,AgIngo,Bi03Cls NCs-OA after
the mixed solution was preserved for 15 min (Fig. 6a), and
the exciton absorption peak of Cs,AgIngo;Big¢3Cls NCs-OA
completely disappeared (Fig. 6b), corresponding to the fact that
the PL emission signal was also not monitored (Fig. 6c),
indicating that the water molecules had broken through the
protective layer formed by the OA ligand on the surface of
Cs,AgIng 97Big 03Cls NCs. It can be concluded that surface
capping of Cs,AgIng o;Bip.03Cls NCs with OA ligand does pro-
mote its water stability, but does not fundamentally solve the
problem. The OA ligand on the surface of Cs,AgIng ¢7Bip.03Cls
NCs-OA will fall off under prolonged storage, providing
the opportunity for water molecules to make contact with
Cs,AgIng 9;Bip03Cls NCs, thereby unable to guarantee the
long-term fluorescence stability of Cs,AgIn, o,Big.03Clg NCs-OA
in a high humidity environment (Fig. 6g), and a similar
phenomenon has been reported previously for lead halide
perovskite materials.*® It is striking that the Cs,AgIng.g,-
Big.03Cls/PVDF CFs with PVDF in situ capping treatment exhib-
ited excellent stability after long-term storage in pure water
solution. The water molecules can be effectively blocked
from the surface of the CFs owing to the hydrophobicity of
PVDF, inhibiting them from reacting with Cs,AgIn ¢;Big.03Cls,
thereby significantly improving the structural and optical
stability of Cs,AgIng ¢;Big 03Cle/PVDF CFs. The test results
showed that the crystal phase of Cs,AgIng ¢;Big ¢3Cls/PVDF
CFs did not change after storage in pure water for 20 min,
which was attributed to the water molecules being unable to
break through the PVDF film (Fig. 6d). The structural stability
of Cs,AgIng o,Big ¢3Cle/PVDF CFs ensured that its optical pro-
perties were not affected (Fig. 6e and f), and it continued
to exhibit orange fluorescence emission in water solution
(Fig. 6h). Additionally, the ultra-long term water stability test
was carried on Cs,AgIng o7Biy ¢3Cle/PVDF CFs, and its structural
and optical properties did not deteriorate after storage in water
solution for ten days (Fig. $10, ESI{), which again established
the development potential of Cs,AgIng ¢;Big ¢3Cls/PVDF CFs
in the optoelectronic field. Combined with the above results,
the surface capping treatment for Cs,AgIn, ¢7Big 03Cls NCs with
different materials can indeed effectively improve its water
stability, especially Cs,AgIng o;Big 03Cls/PVDF CFs capped with
PVDF without any optical loss during long-term storage in
water solution, which will lay the foundation for the subse-
quent development of lead-free DP optoelectronic devices
under a high humidity environment.

In order to evaluate the working stability of lead-free DP
materials with surface capping treatment in practical optoelec-
tronic application, LED devices based on Cs,AgIng ¢;Bip.03Cls
NCs-free, Cs,AgIng o7Bip.03Cle NCs-OA and Cs,AgIng o7Bip 03Cle/
PVDF CFs were assembled through directly coating the materials
on the surface of a 365 nm UV chip (Fig. 7a). Saturation of the

This journal is © The Royal Society of Chemistry 2023
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electroluminescence (EL) intensity was not observed in the three
devices when the drive current was enhanced from 5 mA to
100 mA (Fig. S11la-c, ESIt), indicating that the LEDs assembled
with lead-free DP materials were suitable for high power lighting
systems. Moreover, the color rendering index (CRI) of the three
LEDs remained essentially at a high value of 85, benefiting from
the strong emission of the UV chip, and their correlated color
temperature (CCT) also maintained a constant value (3400 K,
3400 K, 3600 K), which reflected that Cs,AgIng ¢;Big 03Cls NCs-
free, Cs,AgIng 97Big.03Cls NCs-OA and Cs,AgIn, o7Big g3Cle/PVDF
CFs showed high emission purity at different drive currents
(Fig. S11d-f, ESIt). By comparing the performance of LED
devices based on other lead-free DP materials (Table S3, ESIY),
it can be seen that our assembled LED devices also have
excellent optoelectronic performances, making them strongly
competitive for future commercial applications of lead-free DP
materials. Subsequently, the working stability of the opto-
electronic devices under a high humidity environment were
investigated by placing LEDs assembled from different samples
into a constant humidity test chamber. The relative humidity
(RH) inside the test chamber was maintained at 85% to
simulate the high humidity working environment of the
devices, and the changes in their spectra and related optoelec-
tronic parameters at different storage times were recorded
(Fig. 7a). Undoubtedly, the optoelectronic properties of the
LEDs assembled with Cs,AgIn, ¢;Bij ¢3Clg NCs-free were most
affected by the high humidity environment. Originating from
the high content of water molecules in the environment, the
drop tendency in the EL intensity of the device was most
noticeable as the preservation time extended (Fig. 7b). The
color coordinates in the international commission on illumina-
tion (CIE) diagram also shifted from the initial (0.39, 0.40) to
(0.46, 0.41) after the LEDs had been stored under a high
humidity environment for 24 h (Fig. S12a, ESI{), which was
seriously inconsistent with the requirements of commercial
lighting systems. At the same time, the CCT values varied
between 3400 K and 3800 K of the device (Fig. 7e), which again
suggested that the LEDs assembled with Cs,AgIng ¢;Big.03Cls
NCs-free were not suitable for stable optoelectronic devices
with their emission light purity changing with operating time
under a high humidity environment. On the other hand, the
CRI values of the device stayed almost constant (Fig. 7e), which
indicated that the bottom UV chip was not disturbed by
humidity, thus excluding the influence of the excitation source
on the optoelectronic properties of the lead-free DP materials.
In comparison, the LEDs assembled with Cs,AgIng ¢;Big.03Cls
NCs-OA achieved a partial enhancement of long-term working
stability under the same humidity environment. The results
showed that the EL intensity loss began to be observed after
storage for 8 h (Fig. 7c), and the corresponding color coordi-
nates also exhibited a slightly fluctuating range (Fig. S12b,
ESIT), which resulted from the fact that some OA ligands were
broken through by water molecules as the time prolonged,
thereby causing the emission of the device to be affected.
Moreover, the CCT values of the LEDs also changed (from
3400 K to 3600 K), and their variation range has been controlled
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(a) Diagram of the assembled LED devices using samples with different surface capping treatments and their operational stability tested under

high humidity (85% RH) conditions. Changes in the (b—d) EL spectra, (e—-g) CRI (red dot) and CCT (yellow dot) of the LEDs at different storage times.

compared to Cs,AgIngo;Bip¢3Cl¢ NCs-free (Fig. 7f), which
demonstrated again the successful treatment of the OA ligand
capping, resulting in an improved optical stability of the
device under a high humidity environment. It was pleasantly
surprising that the orange emitting LED assembled with
Cs,AgIn, o7Big 03Cls/PVDF CFs exhibited the most outstanding
optoelectronic stability, which was stored in the constant
humidity test chamber for 24 h without any loss of EL intensity
(Fig. 7d), and the corresponding color coordinates remained at
(0.41, 0.40), and no variation was observed over time (Fig. S12c,
ESIt). Additionally, the CCT values of the device also remained
essentially constant (3600 K) over a 24 h period (Fig. 7g), with
the results showing a much smaller range of variation than the
other two LEDs. From the practical optoelectronic applications
of the above samples under high humidity, the Cs,AgIng ;-
Big.03Cls/PVDF CFs after PVDF surface capping have a high
working stability and can be better adapted to lighting systems
under extreme environments, which will provide a new path to
achieve efficient and stable lead-free DP devices.
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Conclusions

In summary, we have acquired lead-free DP Cs,AgIng 97Bio.03Cle
NCs-free with PLQYs of up to 19.72% by adjusting the ratio of
Bi/In metal precursors, and investigated their optical stabi-
lity under high humidity environments. Unfortunately, the
Cs,AgIn, 9;7Big 03Cls NCs-free was rapidly transformed into AgCl
and BiOCl with no fluorescent properties after being in contact
with water molecules, accompanied by the quenching of the
orange light emission. Therefore, we have proposed a surface
capping treatment for Cs,AgIn, ¢;Big ¢3Clg¢ NCs-free using the
OA ligand and PVDF, which yielded Cs,AgIn, ¢;Big 03Cls NCs-
OA and Cs,AgIn, ¢7Big03Cle/PVDF CFs with enhanced optical
properties, corresponding to a PLQY of 22.58% and 31.06%,
respectively. On this basis, the optical stability of Cs,AgIng o;-
Big,03Clg NCs-OA and Cs,AgIng ¢7Big 03Cle/PVDF CFs was com-
pared under high humidity, benefiting from the surface cap-
ping material effectively preventing direct contact between
Cs,AgIng 97Big.03Cls NCs and water molecules, so that their
stability was improved. In particular, the optical properties of

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2tc05420e

Published on 09 March 2023. Downloaded by Xian Jiaotong University on 6/19/2023 3:55:38 AM.

Paper

Cs,AgIn, 97Big 03Cls/PVDF CFs were unaffected after storage in
pure water solution for 10 days, and the fluorescence emission
of the assembled LED device remained at the initial intensity
after storage for 24 h at 85% RH. We believe that this strategy of
surface capping with different materials will greatly facilitate
the suitability of lead-free DP materials for various extreme
environments, further broadening their application in future
commercial lighting fields.
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