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1. Introduction

Ligand-mediated surface passivation is widely used to fill defect sites

and stabilize perovskite nanoparticles, keeping their photophysical properties
unchanged. However, this strategy can promote the growth of agglomerates,
quenching the luminescence of nanoparticles. Additionally, the presence

Lead halide perovskite quantum dots
(PQDs) materials have shown immense
potential in the field of optoelectronics
and photovoltaics, such as light-emitting

of bulky ligands can hinder the interparticle carrier transport, difficulting the
fabrication of efficient optoelectronic devices. In this work, the synthesis of
SiO,-covered CsPbX; PQDs (CsPbX; @SiO,) is performed through a modified

diodes (LEDs),'™* solar cells,>! lasers!®]
and biomedical devices,®l owing to their
outstanding optical and electronic prop-

ligand-assisted reprecipitation method (LARP), by adding 3-aminopropyl-
triethoxysilane (APTES) and oleic acid to the mixture reaction. Here, it is
possible to suppress the aggregates formation, achieving water-stable single
core—shell PQDs with a photoluminescence quantum yield of up to 99.4%
and facile bandgap modulation by varying the halide content. Accordingly,
CsPbX; @SiO, PQDs inks are obtained for preparing inkjet-printed

QR codes and color converters, with stable luminescence up to 1.5 and 9 h
of continuous operation at 2.5 V for Cl/Br- and Br-perovskites, respectively.
Interestingly, a PL splitting is observed for the Br/l-perovskite along the
time, indicating the emergence of halide migration to generate Br- and I-rich
domains, mediating the generation of white color emission. This contribution
offers a prominent alternative to producing single PQDs with suitable
optical properties and stability for developing promising LED technologies.

erties. Particularly, 3D cesium lead halide
(CsPbX;, X = Cl, Br, I) PQDs exhibit a large
absorption coefficient,!'!] high photolu-
minescence quantum yields (PLQYs),[1213]
tunable bandgap,'! and exceptional charge
carrier dynamics.'>1%] However, despite
their unique optoelectronic properties, their
practical application is often hindered by
main challenges related to poor structural
stability, the appearance of surface de-
fects, and photo-oxidative degradation.!t”:18]
One of the primary challenges is the
intrinsic instability of CsPbX, PQDs. Al-
though the nanoconfinement feature in
PQDs is ideal for avoiding the octahedra
tilting observed in bulk materials,[?! these
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materials can be susceptible to decompose or degrade un-
der external stimuli such as moisture, oxygen, heat, applied
bias, and ultraviolet (UV) light.'1¢2°] This degradation is often
accompanied by the formation of non-radiative recombina-
tion centers, which quench the photoluminescence (PL) and
reduce the efficiency of devices. To address these challenges,
several strategies have been constantly proposed to improve
the extrinsic and intrinsic structural stabilities of PQDs; ligand
modification, 123! core-shell structure,?*} crosslinking,[®! and
metal doping.[?¢]

In this context, recent research has demonstrated signifi-
cant progress in the field of shell encapsulation for PQDs,
to improve their stability and optical performance. Among
these strategies, core-shell structure involves an interesting
strategy to cover the CsPbX; PQDs with various types of
shells. These protective coverages include organic polymers
such as polymethyl methacrylate,[?”) poly(vinylidene fluoride)
(PVDEF) 221 and polystyrene,*% inorganic materials such as
Si0, 31321 AL 0,,¥] and TiO,,** and perovskites such as
CsPbBr,, Cs,PbX,,!* CsPb,Brs,1**! Rb,PbBr,[3”] to form a core-
shell architecture. The use of SiO, materials as encapsulating
shells has shown promising results, especially in providing ro-
bust protection against environmental degradation and enhanc-
ing the thermal and chemical stability of PQDs.?*% Neverthe-
less, in these encapsulation examples, the resulting products typ-
ically contain multiple particles within a single shell, leading to
large particle sizes.[*!] Generally, CsPbX; PQDs utilized in opto-
electronic devices are assembled as films, where such large par-
ticles can detrimentally affect film quality and, consequently, de-
crease the device’s performance.[!’]

In this study, CsPbBr, @SiO, PQDs were successfully synthe-
sized by the ligand-assisted reprecipitation process (LARP) at the
ambient condition of a single-particle level. Here, 3-aminopropyl-
triethoxysilane (APTES), featuring amino group, plays a crucial
role in the surface passivation of PQDs by exploiting the high
binding capability of this surface ligand.[****] Also, getting ad-
vance of our eatlier work,[*") to control the hydrophilicity on the
surface, a long carbon chain (C18) ligand, oleic acid, was utilized
to enhance the dispersity of PQDs in the solvent medium. We
show that this passivation strategy enhances the optical prop-
erties of PQDs, reduces non-radiative recombination, preserves
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high PLQY up to 99.4%, and improves stability against water. In
this context, it was possible to prepare suitable CsPbBr; @SiO,,
films under annealing treatment, exhibiting high resistance to
H,0 molecules and PQDs inks for inkjet printing applications,
achieving well-defined QR codes, and the fabrication of color con-
verters by depositing PQDs active layers on commercial LEDs,
generating luminescence under continuous operation up to 9 h.
Here, blue- and green-LEDs can be obtained with their cor-
responding PL emission, while red-LED shows a PL splitting
during its operation. We deduce the occurrence of interparticle
halide migration in the Br/I-perovskite active layer, obtaining Br-
and I-rich domains with a progressive PL increase and mediat-
ing the generation of white color emission. Our research demon-
strates that SiO,, shell encapsulation is a viable strategy for im-
proving thermal/water durability of PQDs, with the possibility to
modulate the intrinsic properties through composition engineer-
ing to unlock their potential for color-converting applications.
This work marks a significant step forward in the practical ap-
plication of QDs-based materials, potentially revolutionizing the
fields of display technology and printed electronics.

2. Results and Discussion

Monodisperse colloidal CsPbBr;@SiO,, core-shell PQDs were
synthesized through the LARP method at ambient conditions,
using APTES as the silica source for the SiO, formation, and
main surface ligand considering its amine group. Ethylene gly-
col (EG) and oleic acid (OA) were used as coordinating ligands
during the synthesis. As shown in Figure S1A (Supporting In-
formation) and Figure 1A, in situ UV-vis absorption and PL
spectroscopy allowed us to monitor the formation process of
CsPbBr; @SiO, PQDs in real-time. Here, it is possible to note
how the absorption and PL intensities increase from 0 s (where
the reaction initiates) to reach 0.85 s. In both cases, the ab-
sorption edge/PL emission CsPbBr;@SiO, PQDs were shifted
from 490/498 nm to 495/507 nm, revealing a formation rate con-
stant from PL of 1.15 s7!, see Figure S1B (Supporting Informa-
tion). This indicates a fast formation dynamic of PQDs through
the LARP procedure, in the presence of APTES ligand. Similar
to our earlier work, the formation of perovskite core occurred
instantaneously.l*"] Here, when the PQDs precursor is added into
the stirred anti-solvent, as the time-zero, the LARP reaction oc-
curred in <1 s (see details in the Experimental Section in Sup-
porting Information), achieving a similar PL peak position to the
one obtained at 30 s, see Figure S1C (Supporting Information).
However, the reaction time is extended to 30 s with the purpose
of avoiding agglomeration and completing the reaction. Then,
high-resolution transmission electron microscopy (HRTEM) de-
picts the core—shell structure of CsPbBr, @SiO, PQDs at differ-
ent spots, see Figure S2A-A” (Supporting Information). From
these images, a total number of 100 nanoparticles were con-
sidered, estimating that 89% correspond to SiO,-covered sin-
gle PQDs, 7% are associated with SiO,-covered multiple PQDs
and 4% are ascribed to empty SiO, shells, see Figure S2B (Sup-
porting Information). Moreover, it is visible that the core pos-
sesses a well-defined crystalline structure with a characteristic
lattice plane distance of =~ 0.26 nm, corresponding to the d-
spacing of (200) crystal planes of cubic CsPbBr;@SiO, PQDs,
see Figure S2C (Supporting Information). The average sizes of
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Figure 1. In situ PL measurements showing (A) the formation of green-emitting CsPbBr; @SiO, PQDs, and halide exchange process to produce
(B) blue-emitting CsPbCl;,Br,@SiO, and (C) CsPbBr;,l,@SiO, PQDs. (D) Normalized PL emission spectra of the tunable composition of
CsPbX; @SiO, (X=Cl/Br, Br, and Br/I). E) Solution-state white emission spectra obtained by combining the as-prepared CsPbX; @SiO,. F) CIE chro-
maticity diagram of as-prepared CsPbX; @SiOx PQDs, including the color index of the produced white color in (E). The insets of the Figures show the
corresponding luminescent photographs of prepared PQD dispersed solutions. Inset in (A) demonstrates the Tyndall effect to prove PQD dispersity in

the solution.

CsPbBr; core and CsPbBr;@SiO, estimated from TEM were
~9.6 + 1.6 nm and 26.6 + 4.5 nm, respectively, see Figure S2D,E
(Supporting Information). Therefore, the SiO, shell thickness
was determined to be ~8.5 + 3.1 nm. To corroborate the exis-
tence of single CsPbBr; @SiO, PQDs, DLS measurements, see
Figure S2F (Supporting Information), and typical SEM images
of an active layer prepared from a diluted solution (=3 ug-mL™)
on Si substrate, see Figure S3A,B (Supporting Information), also
demonstrated the formation of nanoparticles with average parti-
cle sizes ~#17.6 nm and 17.4 + 1.4 nm, see Figure S3C (Support-
ing Information), respectively, in good agreement with the value
range obtained from TEM. According to these results, we con-
clude that our synthetic procedure favors mostly the emergence
of SiO,, shells covering single PQDs instead of generating a SiO,,
matrix. Cs, Pb, Br, and Si elements are uniformly dispersed as
indicated by Energy-dispersive X-ray (EDX) elemental mapping
images of representative CsPbBr;@SiO, PQDs, see Figure S4
(Supporting Information). This homogeneity in distribution in-
dicates that the PQDs were effectively and evenly encapsulated
within the SiO, shells. By analyzing the optical properties of the
as-prepared CsPbBr; @SiO, PQDs, we determined the absolute
PLQY of the material, achieving 99.4%. This value is an indica-
tion of the favored surface passivation provided by APTES ligand,
decreasing the density of surface defect sites, and enhancing the
radiative channel for carrier recombination. Furthermore, one of
the coordinating ligands, OA decreases the defect sites by passi-
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vating the ammonium cation anchoring group. Then, as reported
previously, the PL peak position of CsPbBr,; PQDs can be mod-
ulated by varying the APTES content, causing a blueshift in the
optical property, see Figure S5A (Supporting Information). This
is associated with the formation of a thicker SiO, shell, caused
by the emergence of more —Si—O—Si— linkages by adding more
APTES. The chemical mechanism of SiO,, coverage formation is
explained below.

By exploiting the bandgap tunability characteristic of PQDs
and brittle SiO,, shell, we aimed to obtain mixed halide PQDs
by adding a fixed amount of CsX (X=Cl or I) solution dissolved
in polar solvent (with various CsX solution volume ratios, total
1 mL, see SI), into CsPbBr; @SiO, PQDs through direct halide
exchange, obtaining an immediate color change. In this con-
text, Figure 1B,C shows the in situ PL measurement of the for-
mation of blue-emitting CsPbCl,, Br, @SiO, and red-emitting
CsPbBr, I @SiO, PQDs, respectively. This fact indicates that
halide ions can penetrate beyond the SiO, shell. As shown in
Figure S5B,C (Supporting Information), the kinetic changes in
the PL peak position of CsPbX,@SiO, PQDs over time were
tracked and fitted through single-exponential function, estimat-
ing the formation rate of Cl- and I-PQDs. The CsPbBr;_ I @SiO,,
PQDs were able to form within 100 min with a formation ki-
netic rate of 1.1 x 10~* s~!. Conversely, CsPbCl;_ Br, @SiO,
PQDs were able to form within 10 min with a formation ki-
netic rate of ~7.1 X 10~ s7!. Attending these halide exchange
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Figure 2. A) Time-resolved PL decay curves, B) radiative (k,) and non-radiative recombination (k,,) decay constants, and their corresponding C) k., /k,

ratio for CsPbX; @SiO, PQDs colloidal solutions.

rates, it is deductible that the Cl~ incorporation is faster than
that of I" introduction, due to the smaller ionic radius and
higher electronegativity of chloride. The PLQY was calculated
for CsPbCl,_,Br, @SiO, and CsPbBr,_ I @SiO, to be ~11.5 and
30.2%, respectively. Fourier transform infrared (FTIR) spectra,
see Figure S6 (Supporting Information), confirm the formation
of CsPbX; @SiO, PQDs by the presence of a characteristic peak
at 2923 and 2853 cm™! assigned to the stretching vibration of
C—H groups from oleic acid and APTES. Additionally, two sig-
nals at 1034 and 1116 cm™! from Si—O—C and Si—O—Si vibra-
tions and NH, broad stretching band vibration at 3430 cm™' de-
rived from APTES were observed.*! On the other hand, sim-
ilar to CsPbBr;@SiO, PQDs, TEM images were obtained for
CsPbCl,_Br,@SiO,, and CsPbBr;_ I @SiO, PQDs, see Figure
S7 (Supporting Information), noticing that the nanoparticles
are wrapped inside the SiO, shell. The corresponding particle
sizes of mixed Cl/Br- and Br/I-perovskites were 16.4 + 2.6 nm
and 22.8 + 3.3 nm, respectively. Later, the optical properties of
CsPbX, @SiO, PQDs colloidal solutions can be precisely tuned
across the visible spectrum by modifying the halide composition.
Notably, the PL emission peaks exhibit continuous tunability, see
Figure 1D, ranging from 433 to 640 nm by controlling the CsX
precursor solution volume, 0.3—4 mL, see details in the SI. Tak-
ing advantage of the SiO, shell covering the PQDs, a solution-
state white emission was obtained by combining red-, green-, and
blue-emissive composite of CsPbX, @SiO, samples in an arbi-
trary ratio, optimally, see Figure 1E. This white light emission
is kept for 15 min, after halide exchange produces a single PL
emission into the perovskite mixture. Furthermore, the bandgap
tunability successfully demonstrated the ability to obtain a mul-
ticolor of CsPbX,@SiO, PQDs, as evidenced by the CIE chro-
maticity diagram, covering a more extended area than standard
RGB (sRGB) color space (ratio = 166:100) and established adobe
RGB (ratio = 123:100), see Figure 1F.

To study the PL recombination dynamics of CsPbX,@SiO,
PQDs colloidal solutions, time-resolved PL (TRPL) measure-
ments at the maximum PL peak were carried out. As seen
in Figure 2A, PL decay can be fitted to bi-exponential PL de-
cay, described through the equation: y = y, + A,e™/™ + A,e™/,

to calculate the corresponding average carrier lifetimes, 7, =

Adv. Optical Mater. 2025, €00968 e00968 (4 of 11)

Y At} / Az #4%] In this way, Table 1 summarizes the param-
eters extracted from each TRPL curve. Accordingly, we obtained
the shortest z,,, for CsPbBr;@SiO, PQDs, with a high con-
tribution of radiative recombination (r,) and diminished non-
radiative channel contribution (z,). This corresponds with the
high PLQY of the photomaterial, corroborating the efficient lig-
and passivation of defects produced by ligands (APTES and
OA) in the PQDs surface. In addition, by mediating the an-
ion exchange process with CsX incorporation, some changes
are appreciated in the PL dynamics of PQDs. In this context,
the addition of Cl~ and I~ to obtain CsPbCl,_,Br,@SiO, and
CsPbBr;_, I, @SiO, PQDs, respectively, induce a longer ,,, and
a decrease in the radiative recombination contribution. We de-
duce that the presence of deep energy states from chloride and
the low complexation affinity of Pb—I bonds compared to in-
trinsic Pb—Br ones favor the appearance of a more defective
perovskite structure,l*! which is in line with the lower PLQY
values for these samples. Then, to analyze the carrier recom-
bination dynamics of CsPbX,@SiO, PQDs colloidal solutions,
we determined the radiative and non-radiative recombination
constants (k,, k., and their k [k, ratio), see Figure 2B,C, by using
the PLQY and 7,,, values obtained from TRPL measurements,
see Table 1. The results point out that CsPbBr; @ SiO, PQDs show
a predominance of emission via radiative channels over non-
radiative pathways (high k,, low k,,, and k,/k, ratio), conclud-
ing that the LARP synthesis of this kind of PQDs in presence of
APTES is suitable for achieving an efficient amino-functionalized
SiO,, coverage, suppressing structural defects sites. On the con-
trary, the favored non-radiative pathway over radiative mecha-
nism (low k,, high k, ., and k. /k, ratio) for CsPbCl,_ Br @SiO,
and CsPbBr,_ I @SiO, PQDs is attributed to the formation of
deep energy states and the emergence of halide defects induced
by direct CI~ and I~exchange beyond the SiO, shell, respectively.
As halide ions diffuse through the SiO, shell, we speculate that
the coordination between APTES (through ammonium cation)
and the halides become weakened, leading to the formation of
carrier traps for quenching the PL features.

To rationalize the surface chemistry of CsPbX,@SiO, PQDs
colloidal solutions, X-ray photoelectron spectroscopy (XPS) mea-
surements were performed. As seen in the survey spectra of
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Figure 3. HR-XPS (A) Cs 3d, (B) Pb 4f, (C) Br 3d, (D) Cl 2p, (E) 1 3d, and (F) Si 2p of CsPbX; @SiO, PQDs.

respective samples, elements such as C, N, O, Cs, Pb, Si, Cl,
Br, and I were identified, see Figure S8 (Supporting Informa-
tion). A summary of the chemical composition of PQDs is exhib-
ited in Table S2 (Supporting Information). Figure 3A shows the
high-resolution (HR)-XPS Cs 3d spectra of CsPbX,; @ SiO,, PQDs,
where a doublet at #724/738 eV was obtained. These signals are
ascribed to Cs 3ds, and 3d;), core levels.”] Simultaneously, the
HR-XPS Pb 4f spectra of materials were achieved, see Figure 3B,
exhibiting the typical doublet at ~138/143 eV, attributed to Pb
4f;, and 4f;, core levels, from the Pb** contained into the
[PbX,]*~ octahedra units.[¥l Concerning the halide composition,
CsPbBr, @SiO, and CsPbCl,_ Br, @SiO, PQDs display the HR-
XPS Br 3d spectra, see Figure 3C, where the Br 3d;, and 3d;),
core levels located at ~#68/69 eV, corresponding to the Br~ con-
tained into the Pb-Br bonds from the inorganic layers.[*8] In ad-
dition, the HR-XPS Cl 2p spectrum appears in the mixed Cl/Br-

perovskite, evidencing the typical Cl 2p,, and 2p,, core levels
at #198/200 eV, see Figure 3D, attributed to the co-existence of
Cl~ forming Pb-Cl bonds.[*! At this point, Br 3d signals from the
mixed Cl/Br-perovskite are shifted to higher binding energies
(BEs) considering the higher electronegativity of chloride than
bromide into the octahedra units. Lastly, the HR-XPS I 3d is ob-
tained from the CsPbBr;_,I, @SiO, PQDs, visualizing the I 3d;,
and 3d;, core levels at ~#619/631 eV, respectively, see Figure 3E,
ascribed to the presence of I~ composing the Pb-I bonds.[***] In
all the samples, the HR-XPS Si 2p spectra are obtained, show-
ing a single peak at 102 eV, see Figure 3F. This signal is asso-
ciated with the Si-O bonds from the SiO, shell.l*] Interestingly,
the Si 2p spectrum of pure CsPbBr, @SiO, was displaced to lower
BEs, possibly by the incorporation of a lower oxygen content into
the perovskite, indicating a better structural integrity in the per-
ovskite. On the other hand, the Br 3d signal was not evidenced in

Table 1. Determination of radiative and non-radiative recombination decay rate constants, k, and k,,,, respectively by fitting the time-resolved PL decays

of CsPbX; @SiO, PQDs to a bi-exponential function PL =y, + A;e™/71 4+ A,e~*/72146] shown in Figure 2A. Expressions used in the calculations:

avg =

(EAT2[EAT), Tayg = 1/ (keFko) and k. = (PLQY/7,,,) 1] PLQY values were used in the 0-1 range.

Perovskite Al 71 [ns] A2 72 [ns] ravg [ns] PLQY kr [x 107 s71] knr [x 107 s71] knr/kr ratio
CsPbCI3-xBrx@SiOx 0.86 4.5 0.14 20 11 0.115 1.04 8.05 7.74
CsPbBr3@SiOx 0.94 5.6 0.06 18.2 7.9 0.993 12.6 0.0875 0.00694
CsPbBr3-xIx@SiOx 0.81 13 0.19 334 20.7 0.302 1.46 3.37 2.31

Adv. Optical Mater. 2025, €00968 €00968 (5 of 11)

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

d'0 ‘12015612

'sdny wouy

B5UB0 | SUoLILLOD aAIER 1D 3|edl|dde ay) Aq pausenob ae sap e YO 9N JO Sajni oy Ariq1T auljuQ A3]IA UO (SUOHIPUOD-PUE-SLLIBIALIOD AB [ IM' ALeiq 1 U1 |UO//:SANY) SUOIIPUOD PUe SWLB | 8Y1 89S *[S202/60/60] Uo AriqiTauljuQ 48|11 ‘(Pepiues ap OLBISIUI) UOSIAOL] [eUOIEN aUeIL0D Usiteds Aq 896005202 WOopPe/Z00T OT/I0p/wod | Im A


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

CsPbBr,_ I @SiO, PQDs, since an excess of iodide species was
estimated through the chemical composition, see Table S2 (Sup-
porting Information).

Since iodide is more labile than bromide anions, the for-
mer can diffuse faster to the PQDs, favoring their accumula-
tion at the interface, between perovskite core and SiO, shell.
This fact, together with the existence of a thick SiO,, shell (8 and
9 nm coverage) allows us to deduce that bromide species can-
not be easily detected since the XPS analysis penetration depth
is around 10 nm and the majority of signal is obtained in around
1-2 nm, from the surface. This affirmation can also be sup-
ported by a low estimated fraction of all the elements from the
PQDs, mainly Cs, which is low and absent in CsPbBr; @ SiO, and
CsPbCl,_,Br,@SiO, PQDs, respectively, see Figure 3A. Then,
the emergence of Cs* defects and the presence of a high CI frac-
tion in the material surface after the halide exchange allow to
suggest that some chloride vacancies are formed in the Cl/Br-
perovskite core, inducing the formation of deep states, which
can explain the favored nonradiative carrier recombination in the
Cl/Br-perovskite. On the contrary, CsPbBr,_ I @SiO, PQDs ex-
hibit an excess of Cs* content, in agreement with the high io-
dide content estimated for this material. However, the fact that a
lower PLQY (ascribed to a restrained radiative recombination) is
observed for this material compared with CsPbBr; @SiO, PQDs
allows to deduce that a fraction of iodide species can diffuse out
from the perovskite structure after the anion exchange process,
considering the low complexation affinity of Pb-I bond, unbal-
ancing the surface stoichiometry of the mixed Br/I-perovskite.
Lastly, the fact that CI~ and I~ species migrate to reach CsPbBr,
PQDs core indicates that SiO, shell is permeable enough to pro-
mote anion-exchange and produce the respective mixed halide
PQDs, suggesting that silica pores are larger than the size of
halide species.’!*2] In conclusion, the halide exchange process
can generate a high density of defect sites in the CsPbX; @SiO,,,
being caused by the ion permeation of the SiO,, shell, hampering
the photophysical properties of the final product.

With the purpose of understanding the formation of a SiO,,
shell covering the PQDs, a chemical mechanism can be es-
tablished. After incorporating the main reagents such as CsBr,
PbBr, as the building blocks for perovskite growth, APTES and
EG are also introduced into the mixture reaction in DMF, be-
ing the pivotal ligands for material stabilization. Here, hydrolysis
and condensation of APTES and EG are promoted, inducing the
emergence of -Si-O-Si- and -Si-O-C, H,-O-Si- linkages, also medi-
ating the complexation reactions to produce Si-O-Pband C,H,-O-
Pb coordination bonds. In this context, while the APTES content
controls the density of connected -Si-O-Si- networks, which mod-
ulates the SiO, shell thickness, the EG content tailors the den-
sity of elongated -Si-O-C,H,-O-Si- linkages, regulating directly
the perovskite core size. Therefore, we propose LARP method as
promising alternative to obtain single SiO,-covered PQDs with
modulable core—shell sizes.

After characterization of synthesized CsPbX, @SiO, PQDs, we
have evaluated their application potentiality. A significant chal-
lenge with PQDs has been their lack of water resistance. To test
their stability against water, CsPbBr; @ SiO,, PQDs in the form of
films were prepared with and without a post-annealing process
at 100 °C for 30 min, taking advantage of the low permeability
of the SiO, coverage. The annealing process does not produce
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any change in the crystalline phase, as we highlighted through
X-ray diffraction (XRD) patterns of PQDs films with and without
thermal treatment, see Figure S9 (Supporting Information). Both
films showed a cubic perovskite structure (ICSD 00-054-075).0%%]
The broad hump observed ~ 15° to 20° suggests the presence of
amorphous silica within CsPbBr;@SiO, PQDs, similar to our
earlier study.*! In addition, the post-synthetic annealing does
not alter the SiO,, shell integrity neither since we estimated its
thickness by calculating the sizes of both PQDs core and entire
CsPbBr, @SiO, nanoparticles through typical TEM images, see
Figure S10A-D (Supporting Information). Here, the PQDs core
and entire nanoparticle exhibit sizes of 9.2 + 1.2 nm and 27.1 +
1.9 nm, respectively, with an average SiO,, shell thickness ~9.0 =
2.2 nm. The similarity between the core—shell sizes before and
after annealing process indicates that SiO, coverage is no longer
modified after annealing, enhancing their uniformity (less error
in SiO, thickness) possibly attributed to the sealing of some silica
pores.

Then, films were respectively immersed in deionized (DI) wa-
ter and measured by UV-vis absorption and PLQY measure-
ments, see Figure 4A,B. The relative PLQY was estimated based
on the integrated values of each PL emission spectra measured
while these films were immersed in DI water. At this point, both
the relative absorption and PLQY features of annealed film were
reduced slower compared with the non-annealed sample after
5 h of immersion. Interestingly, although the SiO, shell pores
are sufficiently large to allow the diffusion of Cl~ and I~ an-
ions to reach the CsPbBr; PQDs, producing the corresponding
CsPbCl,_,Br,@SiO, and CsPbBr,_ I @SiO, PQDs, this silica
coverage is enough to delay the eventual perovskite deteriora-
tion by effect of H,O molecules. Then, after annealing the PQDs
film, it is possible to partially seal the shell pores, restraining
even more the mobility of H,O toward the PQDs. This partially
sealed SiO, coverage is not fully impermeable. We observed an
increase in the PLQY values of the annealed sample during the
first 20 min, see Figure 4B, indicating that the low density of dif-
fused H,O can interact with the perovskite surface, mediating
the surface passivation through the oxygen incorporation and re-
moving defect sites.’*>%] Accordingly, our single CsPbBr, @SiO,
PQDs shows a competitive water stability, retaining ~45% of ini-
tial PL, compared with the state-of-the-art, for instance, analo-
gous CsPbBr, @SiO, PQDs encapsulated with polyvinylpyrroli-
done (PVP) and n-isopropylacrylamide with a lower H,O re-
sistance up to 1 h, retaining between 20-75% of initial PL,[>®
MAPbBr; PQDs encapsulated with cucurbit{7]- uril-adamantyl
ammonium complex with water stability up to 2 h, exhibiting a
considerable emission decrease, retaining ~13% of initial PL,1%”]
and comparable with cross-linked oleylammonium encapsulated
CsPbBr; PQDs by using Ar-O, plasma treatment, depicting a re-
taining ~50% of initial PL after 6 h of water soaking.® There-
fore, we deduce that the material offers enhanced thermal and
water long-term stability, which can be beneficial to conduct po-
tential solar-driven chemical reactions in future contributions.

The increased water resistance of the prepared CsPbBr, @SiO,
PQDs films makes this material interesting for scale up film
preparation processes like inkjet printing.>*-¢!l For a successful
inkjet printing process, the size of the dispersed nanomaterials
in the ink should be smaller than 1/50 of the nozzle diameter (5)
to prevent nozzle clogging. The quality and homogeneity of the
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Figure 4. A) Relative absorbance by measuring UV-vis. absorption spectroscopy and B) Relative PLQY of CsPbBr; @SiO, PQDs films with and without
the post-annealing process in water for 5 h. C,C’) luminescent patterns prepared by an inkjet-printed CsPbBr; @SiO, PQDs ink on a transparent glass

substrate under UV light at (C) 0 and (C') 5 days exposed to ambient air.

ejected droplet are influenced by rheological parameters such as
density (p), viscosity (1), and surface tension (y), which respec-
tively correspond to inertial, viscous, and surface tension forces.
These parameters are crucial for determining the dimensionless
figure of merit (FOM) Z number, which is expressed by Equa-
tion (1) and is equivalent to the inverse of the Ohnesorge (Oh)
number, independent of fluid velocity (1):

1 ey
= — = — (1)
Oh n

The Z value should be comprised between 1 and 14 for ob-
taining stable droplets during printing, although the optimal Z
value depends on the printing cartridges, in our case, piezoelec-
tric Samba printing cartridges using a Suss LP50 Pixdro inkjet
printer.[62%3] After synthesis, the CsPbBr;@SiO, PQDs are re-
dispersed in chlorobenzene with a concentration of 10 mg-mL™.
This solution is unsuitable for inkjet printing due to low viscos-
ity (Z > 22) and printing resolution is expected to be low due to
the high evaporation rate of the solvent (1.1 versus butyl acetate).
Thus, for improving the printing process and avoiding the coffee
ring formation during the drop drying after printing, a secondary
higher viscosity and higher-boiling-point co-solvent was studied,
which also must be chemically compatible with the PQDs. The
Dbest rheological results were obtained preparing a mixture of the
PQDs in chlorobenzene and terpineol in a 1:1 volume ratio (Z =
13.6), resulting in a final PQDs concentration of 5 mg mL™!, see
Table S1 (Supporting Information). Accordingly, the formation of
a stable droplet is expected, allowing the formation of stable lu-
minescent printed patterns with complex forms, including a QR
code of the Technological Transfer Unity website of the Institute
of Advanced Materials (INAM), see Figure 4C. On the other hand,
the SiO,-covered PQDs synthesized in our work can produce a
suitable ink for inkjet printing process at lower concentrations
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(5 mg mL!) with a comparable viscosity than reported CsPbBr,
PQDs synthesized by conventional hot-injection method and de-
posited on poly-(9-vinylcarbazole) layer, where a concentration as
high as 15 mg mL™! is required to obtain a viscosity in between
0.62-1.46 in presence of toluene/dodecane solvents!®! and bulky
alkylammonium bromide coated FA-doped CsPbBr; PQDs at
same concentration (15 mg mL!) generating a vicosity between
0.79-1.70 into using different n-octane:n-dodecane mixtures.®]
In conclusion, CsPbX; @SiO, PQDs show a facile way to modu-
late their optical features, opening the possibilities of preparing
multicolor luminescent films and inks for future fabrication of
optoelectronic devices and inkjet printing processes.

After analyzing the photophysical properties and stability fea-
tures of CsPbX; @ SiO, PQDs, we investigated these materials for
color-converting applications. For this purpose, we have embed-
ded the corresponding as-prepared PQDs inks into a commercial
epoxy resin and deposited the blend on a commercial LED chip
(3 W and wavelength: 440—450 nm, see Figure S11A, Supporting
Information for further details). Under the operation of the LED
chips, part of the emission of the device is transmitted, while the
rest of the light is absorbed by the PQDs active layers, convert-
ing it into blue-, green-, and red-emission. Then, we proceed to
study the stability of luminescent LED chips along the time, an-
alyzing the retention of the initial luminescence. For both blue
and green color converters, blacklight from the commercial LED
was filtered achieve the characteristic PL of active layers. As seen
in Figure 5A,B, CsPbCl;_,Br,@SiO, and CsPbBr;@SiO,-LEDs
generate a PL emission located at 487 and 520 nm, respectively.
Then, CsPbBr; @SiO,-LED show a more stable PL emission (9 h)
during the light conversion compared with CsPbCl,_ Br @SiO,,
one (stable for 1.5 h), indication of a better surface protection
in the Br-perovskite. Moreover, although a progressive decrease
in the PL intensity in both of the systems is evidenced, being
associated with some surface ligand detachment at prolonged
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Figure 5. PL spectra of epoxy-resin covered A) blue-emitting CsPbCl;_,Br,@SiO,, B) green-emitting CsPbBr;@SiO,, and C) red-emitting
CsPbBr;_,l, @SiO,, based LED devices by applying a constant voltage of 2.5 V along the operational time. D) Chromaticity diagram of CsPbBr;_,l, @SiO,,
LED under operation, showing the variation of white light tonality along time. Insets show the corresponding luminescent devices during the color con-

version process.

irradiation flux (0.45 W cm™2) at 2.5 V,2% the PL intensity of
the mixed Cl/Br-perovskite exhibits a faster decline than Br-
perovskite. We attributed this behavior to the existence of ClI~
deep states in the former material.l*! This fact agrees with the op-
tical features of the CsPbCl,_,Br, @SiO,, where the deep energy
states can promote material degradation.

On the other hand, during the continuous operation of
CsPbBr;_ I, @SiO,-LED, the initial emergence of two PL emis-
sions at 593 and 667 nm is evidenced, see Figure 5C, attributed
to the formation of two different I-rich domains into the per-
ovskite active layer. Attending to the slow anion-exchange pro-
cess to prepare this material, see in Figure 1C. SiO,, shell does
not allow the permeation of a high density of iodide species to
reach the CsPbBr;, promoting the generation of a highly defec-
tive Br/I-perovskite structure. At this point, we propose that, af-
ter the Br/I-perovskite deposition onto the LED chip, nanoparti-
cles are closer together, favoring the iodide diffusion under de-
vice operation and thereby generating the Br-rich and I-rich do-
mains into the active layer (taking advantage of the good lability
of iodide anions).[®®®’] Then, after 10 min of continuous oper-
ation, the intensity of the long-wavelength PL in progressively
increased, while a blueshift is noted in the shorter-wavelength
PL emission to reach total quenching, with the simultaneous
appearance of a new PL signal at 508 nm. This behavior indi-
cates the generation of Br- and I-domains from the PL split-
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ting of mixed halide, which is commonly associated to photoin-
duced phase segregation. However, after conducting this exper-
iment under intermittent operation of the CsPbBr;_ I @SiO,-
LED (this is by obtaining PL emission at 0 min, the LED was
turned off during 20 min and then turned on for a couple of
seconds for obtaining the PL emission, to observe halide seg-
regation reversibility), see Figure S11B (Supporting Informa-
tion), the PL behavior of the device was similar than that of
the LED under continuous operation. This fact makes us dis-
card any reversible halide separation. On the contrary, we can
address that the SiO,, shell permeability can be exploited for trig-
gering the interparticle iodide diffusion to cover the visible re-
gion of the energy spectrum by the appearance of PL splitting
coming from the wide-bandgap Br-rich and low-bandgap I-rich
domains.

The dual PL feature from the CsPbBr,_ I @SiO, PQDs me-
diates the generation of white-light emission (using the black-
light of the commercial LED), achieving all the color tonalities
along the time (cool, neutral and warm) as indicated through
its chromaticity diagram, see Figure 5D, which can be pre-
served up to 2 h under intermittent LED operation before its
final deterioration. At this point, if an optimized fabrication of
the CsPbBr;_ I @SiO,-LED can be reached, it will be an at-
tractive option to obtain RGB combination with commercial
blacklight devices to modulate the generation of high-quality
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white emission, ideal for LCD technologies. Therefore, we can
conclude that the optical features of CsPbX,@SiO, colloidal
solutions can be controlled through composition engineering,
improving their water/thermal resistance, with prominent po-
tentiality as inks for the fabrication of color-converting LEDs,
even generating white light emission from a single perovskite
system.

3. Conclusion

Monodisperse CsPbX; @SiO, core-shell PQDs are synthesized
using a ligand-assisted reprecipitation method, showing a PLQY
of up to 99.4% and uniform particle distribution. This indicates
that the addition of APTES ligand can promote the efficient pas-
sivation of surface defect sites, improving the PL emission via
radiative channels and hindering the emergence of non-radiative
carrier traps. Then, it is also possible to mediate the anion ex-
change process between the CsPbBr; @SiO, PQDs and Cl- and
I-precursors, tailoring the photophysical properties such as the
bandgap and producing mixed halide CsPbCl,_ Br @SiO, and
CsPbBr,_ I @SiO, PQDs. Nevertheless, the diffusion of chlo-
ride and iodide induces structural defects in the host CsPbBr,
PQDs core, considering the low permeability of the SiO, shell.
Precisely, the formation of a thick SiO, layer does not allow for
the detection of the complete chemical composition of the PQDs,
ensuring that most of the diffused halide is accumulated in the
composite surface. In this context, we infer that SiO, shell pores
are large enough to favor the diffusion of chloride to reach the
perovskite core compared to iodide species, which is the reason
for taking a longer time for halide exchange. At this point, both
the formation of deep energy states by the presence of Cl~ and
the high lability of I~ species, generating halide vacancies, are
the main explanations to evidence the non-radiative recombina-
tion as the main PL dynamics in the mixed Cl/Br- and Br/I-
perovskite, producing a lower PLQY than pure CsPbBr;@SiO,
PQDs. On the other hand, by carrying out a thermal process to
PQDs films, long-term stability in water is favored, hindering
the diffusion of H,O to reach the perovskite core. Simultane-
ously, the low density of available water molecules can passivate
the surface defect sites in the perovskite, producing an initial in-
crease of the PL and restraining the fast material deterioration.
Then, by reaching a suitable combination between PQDs and
low/high boiling point solvents, we can obtain CsPbBr; @SiO,,
inks to perform inkjet printing applications, generating stable lu-
minescent patterns with complex geometries. Lastly, these inks
can also be used as active layers for the fabrication of color con-
verting LEDs with operational stability of up to 9 h, where their
PL emission can be controlled through the composition engineer-
ing, even achieving white emission from a single CsPbX, @SiO,,
system. Therefore, the synthesis of CsPbX,@SiO, PQDs
by the LARP synthetic route provides a high potential to
be applied in solar-driven chemistry and inkjet printing,
which can facilitate the future fabrication of optoelectronic
devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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