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ABSTRACT: Current efforts to reduce the density of structural defects such
as surface passivation, doping, and modified synthetic protocols have allowed
us to grow high-quality perovskite nanocrystals (PNCs). However, the role of
the purity of the precursors involved during the PNC synthesis to hinder the
emergence of defects has not been widely explored. In this work, we analyzed
the use of different crystallization processes of PbX, (X = Cl™ or I7) to purify
the chemicals and produce highly luminescent and stable CsPbCl;_,Br, and
CsPbl; PNCs. The use of a hydrothermal (Hyd) process to improve the
quality of the as-prepared PbCl, provides blue-emitting PNCs with efficient
ligand surface passivation, a maximum photoluminescence quantum yield
(PLQY) of ~ 88%, and improved photocatalytic activity to oxidize benzyl
alcohol, yielding 40%. Then, the hot recrystallization of Pbl, prior to Hyd
treatment led to the formation of red-emissive PNCs with a PLQY of up to 100%, long-term stability around 4 months under
ambient air, and a relative humidity of 50—60%. Thus, CsPblj; light-emitting diodes were fabricated to provide a maximum external
quantum efficiency of up to 13.6%. We claim that the improvement of the PbX, crystallinity offers a suitable stoichiometry in the
PNC structure, reducing nonradiative carrier traps and so maximizing the radiative recombination dynamics. This contribution gives
an insight into how the manipulation of the PbX, precursor is a profitable and potential alternative to synthesize PNCs with
improved photophysical features by making use of defect engineering.
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1. INTRODUCTION

Attending to the growing interest in nanomaterials for actively
studying renewable energy research fields including photo-
voltaics, optoelectronics, photonics, and solar-driven chemistry,
halide perovskite nanocrystals (PNCs) have recently been
established as attractive semiconductor materials.' Among
their most notable characteristics include (i) their relatively
easy preparation, (i) narrow width at half-maximum photo-
luminescence (PL) peak,” (iii) an adjustable/modifiable
surface chemistry,”® (iv) a notable PL quantum yield
(PLQY) of up to 100%,”~° and (v) a modulable band gap
(E,) by varying the PNC size due to the quantum confinement
effect, composition of A-site cations (e.g, formamidinium
cation, Cs*), or X-site halides in the ABXj-type perov-
skites,””'" taking into account that phase photosegregation
in mixed-halide PNCs is restricted in comparison with their
bulk counterparts.'”” These intrinsic features have been
exploited to fabricate efficient PNC solar cells'”> with a high
photoconversion efficiency of up to 18.1%,'* light-emitting
diodes (LEDs) with external quantum efficiencies (EQEs)
surpassing 20%,">'¢ scintillators,"” photodetectors,18 light
:;1mpliﬁers,19 lasers,*® and solar concentrators™' among others.
Despite the benign defect physics of halide perovskites, the
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PLQY is limited by the defective structure, which in addition
makes them prone to degradation.””*” Two pivotal factors are
responsible to generate structural defects into PNCs: (i) the
synthetic protocols for the PNC growth and (ii) the loss of
capping ligands to hinder their stabilization.””* In both cases,
halide vacancies emerge as the main defects into the perovskite
structure,”® causing the appearance of a high density of
nonradiative recombination sites.”® Consequently, the radiative
channel of excitons is reduced, limiting the PLQY, the stability
of the final product, and the effective extraction of carriers.””**

Various efforts have been carried out to produce less-
defective PNCs with enhanced intrinsic properties and
structural integrity. Most of the reports have emphasized on
the purification of the as-prepared material by using polar/
nonpolar antisolvents,”**’ the addition of organic ligands with
strong binding capability to the perovskite surface,”” " the use
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of metal halide/thiocyanate/fluoroborate salts,*>** or cation/
anion doping.*>*® In general, these strategies aim at favoring a
suitable ligand passivation of the material surface by filling both
the halide and cation deficiency and also by repairing the
damage induced by the existence of defect centers, mainly
removing undercoordinated species as metallic lead (PbY).°
While it is true that the above-mentioned strategies are
applicable to a broad range of PNCs (organic/inorganic,
different halide compositions), it is also clear that most of these
approaches have been focused toward green-emitting APbBr;
PNCs (A = Cs* and FA'; formamidinium),” obtaining
remarkable results in the preparation of high-quality materials
with improved PL properties.”” In this context, it seems that
the defective surface of chloride- and iodide-PNCs cannot be
completely restored or fixed through the above strategies in the
same way to that of the bromide-PNCs, which accelerate the
eventual loss of their photophysical features and the
degradation of the material. This discrepancy can be explained
in terms of the degree of defect tolerance from halide-PNCs
and the difficulty of passivating/filling these defects for
improving the quality of band edge emission. In the case of
CsPbCl;, Cl™ vacancies are deep states localized into the
midband gap, inducing a strong [PbCl¢] octahedra distortion,
which deteriorates the phase stability and decreases the
radiative-to-nonradiative recombination rate constant ratio
(k/ky).>>*® Thus, only a 5% of traps into CI-PNCs can
yield PLQY values < 20%.” In this way, the incorporation of
M*Cl, (M = Ni?*, Cu®*, Cd*, and Y**) is reported to
minimize the Cl~ deficiency and restrain the octahedra
distortion, which have allowed to reach PLQY values of
~60—969%,3539~41

On the other hand, halide vacancies formed in Br- and I-
PNCs are recognized as shallow states rather than being
located in the midband gap, making the trap-assisted radiative
recombination less effective than CI-PNCs (larger k,/k,)."**
Nevertheless, due to the lower complexation afﬁnitzr of the
Pb—I bond compared to that of the Pb—Br bond, "™ iodide
anions are more prone to be detached from the PNCs, favoring
the damage of [Pbly] octahedra units.** To solve this issue, we
have shown that the increase of the capping ligand content
during the synthesis can improve the Pbl, stabilization,
providin% more iodide species to be consumed for PNC
growth.” This fact enhances the ligand passivation of the PNC
surface. A PLQY of around 93% for CsPbl; PNCs was
achieved, with a long-term stability around 15 months.
Similarly, the Sr-doping of FAPbI; PNCs has allowed to
evidence the successful formation of a less halide-defective
three-dimensional (3D) perovskite structure with a PLQY of ~
100% and stability for 8 months.> Also, purification of the PbI,
precursor leads to a positive effect to increase the photovoltaic
performance of methylammonium lead iodide (MAPbI;) solar
cells by increasing the iodine component.*® At this point, the
nature and quality of the halide source exhibit an effect on the
synthesis of PNCs with a highly tolerant-to-defect crystal
structure, which has not been exploited in depth. The recent
literature has reported that the use of low-purity PbX, (mostly
Pbl,) promotes the synthesis of perovskites with high density
of defects due to the presence of impurities and halide
deficiency in the halide precursor. These species act as
nonradiative carrier traps into the perovskite material,
deteriorating its PL properties and impacting negatively on
the device performance. Thus, high-purity PbX, precursors are
preferred to produce perovskites with improved photophysical

features to be more adequate in the fabrication of devices with
high performance, as the case of solar cells.*”*® However, these
precursors are expensive, increasing the production cost, and in
some cases, they do not compensate completely the
stoichiometry of the final product. Considering that the purity
degree of the PbX, precursor is pivotal to dictate the quality of
the perovskite, it is reasonable that low-purity PbX, can be
modified before the use in synthesis, with the purpose to
reduce the halide deficiency and provide lesser defective
perovskites and improve their potentiality in hot-topic
applications.

In this work, we studied the influence of the different
recrystallization methods of the as-synthesized and commer-
cially available PbX, precursors on the defect-mediated
nonradiative recombination process, chemical environment,
and the optical performance of CsPbCl,_,Br, and CsPbl,
PNCs. We demonstrated that the use of recrystallization and
hydrothermal processes improves the quality of PbCl, and Pbl,
to generate (i) blue-emitting PNCs with efficient surface
passivation, a PLQY of ~88%, and a high photocatalytic
activity for benzyl alcohol oxidation of ~40%. Furthermore,
(i) highly red-emissive PNCs with ~100% PLQY and long-
term stability around 4 months under air conditions were
obtained to fabricate CsPbl;-LEDs with an EQE of up to
13.6%. By controlling the crystallinity of the halide source
through the above-mentioned processes, defect engineering is
established to provide a suitable stoichiometry and increase the
density of the halide into PbX,. Hence, more X~ anions are
available to mediate the synthesis of less-halide-defective PNCs
with enhanced photophysical properties and carrier transport
ability. This contribution successfully exploits the modulation
of defect density into PbX, precursors as a valuable strategy to
synthesize PNCs with a better defect-tolerant crystal structure,
high optical performance to be applied in solar-driven
processes, and the fabrication of efficient optoelectronic
devices.

2. RESULTS AND DISCUSSION

Considering the impact of halides on PNC defects, we aimed
at elucidating the role of halide precursor quality on the
photophysical properties of PNCs. From earlier works,
crystallization and purification are key processes to eliminate
impurities and provide a better stoichiometric ratio of the
perovskite components.*® Therefore, we improved the quality
of Pbl, and PbCl, by synthesizing the halide precursor through
precipitation (referred to as the as-prepared, AP) and then
recrystallized by conducting a rapid cooling (cold-recrystalliza-
tion, CR) or mild cooling (cooling solution in water bath,
temperature starts at 70 °C, named as hot-recrystallization,
HR). Last, halide salts were purified by performing the
consecutive hydrothermal process (Hyd). The preparation/
recrystallization process of PbX, was modified by “Golden
Rain” methods provided by the Royal Society of Chemistry.*’
Precipitation reaction schemes of Pbl, and PbCl, are presented
in Supporting Information, page 2. X-ray diffraction (XRD)
patterns of PbX, in Figure S1 support the formation of PbCl,
and Pbl, without the presence of impurities after reaction/
recrystallization/hydrothermal processes to purify the crude
PbX,, being identical to the commercial (Com-) halide
precursor. Then, considering the different treatments for
purifying the halide precursors, CsPbCl;_ Br, mixed-halide
PNCs (MHPs) are named as Com-, AP-, Hyd-Com-, and Hyd-
AP-MHPs, while (ii) CsPbl; PNCs (CsPI) are called as Com-,
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Figure 1. (A—G) Typical TEM images and (H,I) PL spectra of (A—C,H) MHPs and (D—G,I) CsPI PNCs synthesized with different crystallized

and purified PbCl, and Pbl, precursors, respectively.

AP-, CR-, HR-, Hyd-Com-, and Hyd-HR-CsPI for comparative
purposes.

Figure 1 shows the typical transmission electron microscopy
(TEM) images of CsPbCl,_Br, (A—C) and CsPbl; PNCs
(D—G) obtained by using different PbCl, and Pbl, precursors
during hot-injection synthesis. Com-MHPs and Com-CsPI are
presented in Figure S2. All the blue-emitting PNC samples
exhibit a nanocube morphology, with an average particle size
between 7.7 and 10 nm. It was also observed that the particle
size of Hyd-AP- and Hyd-Com-MHPs was higher, accom-
panied with an increase of the bromine content deduced from
energy-dispersive X-ray spectroscopy (Table S1). In the case of
red-emitting PNCs, the change of particle size was less
pronounced (around 10—11.1 nm), also detecting variations
on their stoichiometry (Table S2). These materials undergo
the quantum confinement regime since the Bohr diameter for
CsPbl, is around 12 nm.” The corresponding size distribution
calculated for these materials is shown in Figure S3A—]. Then,
Figure S4 presents the XRD patterns obtained for
CsPbCl;_,Br; and CsPbl; PNC samples to observe the effect
of the crystallization and purification of PbX, on the structural
features of the nanocrystals. At this point, the shift of XRD
peaks to lower Bragg angles in the MHPs implies an expansion
of the perovskite lattice, associated to the enlargement of Pb—
X by increasing the ionic radius of the halide (Br~ > cr).>°
This indicates that the Hyd purification of Com- and AP-PbCl,
salts promotes the incorporation of more Br~ domains into
MHPs. On the other hand, by conducting selected area
electron diffraction (SAED) in MHP samples (Figure SSA—
D), we were able to identify the representative interplanar
spacings of both types of PNCs, corresponding to the cubic
phase (ICSD 29073) from the perovskite structure.”’ This
feature is different from a CsPbBr; PNC as a reference, where

the orthorhombic phase is the preferred crystalline structure
(ICSD 97851).

By considering that all the CsPbCl;_Br, samples were
synthesized with a nominal Cl/Br ratio = 1:1 (x = 1.5), we
suggest that the alteration of the halide stoichiometry is
mediated by the ability of PbCl, to be dissolved during the
nanocrystal synthesis. As reported previously, the addition of
trioctylphosphine into the mixture reaction is pivotal to
mediate the PbCl, dissolution and stabilize CI-PNCs.”'° Then,
it has also been shown that the Hyd process can decrease the
defects existing in the PbX, precursors, garticularly halide
vacancies, improving the salt crystallinity.** Accordingly, we
propose that the emergence of more Pb—Cl bonds by filling CI
vacancies during Hyd purification hinders the PbCl,
dissolution due to the high Pb—Cl complexation affinity.>”
Thus, more Br~ species from PbBr, can supply the halide
positions of the MHPs. For the case of CsPbl; PNCs, samples
also show the typical XRD profile of the cubic phase (ICSD
161481).>” Nevertheless, CR-CsPI depicts a displacement of
XRD patterns to higher Bragg angles compared to the other
materials, associated to the emergence of a tetragonal
crystalline structure (ICSD 69995).°* This fact is also
corroborated through SAED patterns obtained for these
materials (Figure SSE—]). In this line, it has been reported
that nanoconfinement of CsPbl; PNCs restrains the octahedra
tilting, stabilizing the photoactive black cubic a-phase.
However, by increasing the particle size, the corner-sharing
[Pbls] octahedra can be distorted, breaking the cubic
symmetry to achieve the tetragonal f-phase or orthorhombic
y-phase.>® This structural alteration is favored by the small size
of Cs* cations occupying the A-site in the perovskite lattice,
requiring a strong tensile strain to retain the cubic geometry.>*
Thus, it is deductible that the absence of Cs* in PNCs would
facilitate even more this change of the phase. Since CR-CsPI
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Figure 2. HR XPS (A,A") Cs 3d, (B) Cl 2p—Br 3d, (B’) 13d, (C,C’) Pb 4f spectra, and (D,D’) calculated oxygen-to-halide/Cs-to-total metal ratios
for (A—D) MHPs and (A'—D’) CsPI PNCs synthesized with different crystallized and purified PbCl, and Pbl, precursors, respectively.

displays the lowest Cs/Pb ratio (Table S2), we suggest that
this defect grade is the threshold to promote the octahedral
distortion into CsPbl; to provide the a-to-B-phase trans-
formation.

The effect of PbX, purification was also observed through
changes of the optical properties of CsPbCl;_ Br, and CsPbl,
PNCs. The corresponding optical features of the samples are
exhibited in Table S3. The MHPs present a redshift in the PL
peak (Figure 1H) and absorption onset (Figure S6A) after
conducting the Hyd treatment, attributed to the band gap
narrowing. This result agrees well with the increase of the
bromine content,” see Table S1. In addition, the particle size
for CsPbCl;_,Br, also increases, see Figure S3. Then, by
comparing the PL intensity obtained for MHPs under the same
colloidal solution concentration (2.0 mg mL™") (Figure S6A"),
Hyd-AP-MHPs displayed the highest PL signal, followed by
Hyd-Com-MHPs. The PL improvement indicates that the
application of the Hyd process to PbCl, prepared by the
precipitation method enhances the radiative recombination
due to the enhanced crystallinity of the precursor, commonly
associated to the reduction of nonradiative carrier traps.”

On the other hand, analyzing the optical features of CsPbl;
PNCs, we evidenced that the PL peak position (Figure 1I) and
the respective absorption band onset (Figure S6B) of AP-,
CR-, HR-, and Hyd-Com-CsPI were slightly redshifted. This
fact is an indication of the band gap narrowing caused by the
weakening of the quantum confinement due to the increase of
the particle size,” as shown in TEM images (Figures 1D—G
and S3E—G). Since CR, HR, and Hyd processes can enhance
the quality of the Pbl, precursor by compensating iodide
defects, we infer that more iodine is able to participate in the
reaction medium to grow bigger nanocrystals. However, the
appearance of structural defects such as Cs* and I vacancies
could affect its growth and stabilization. During PNC
synthesis, oleylammonium cations bounded to iodide
(OLAm-I) can 51multane0usly fill Cs* positions, stabilizing
the perovskite structure.’® Unfortunately, the washing process
of PNCs can detach some OLAm-I from the nanocrystal

surface, leaving Cs* and I vacancies, which promotes the
material growth.”” This fact can explain the formation of the
biggest PNC size for CR-CsPI, providing a redshift in their
absorption/PL features (Table S4). Conversely, the emission
peak and absorption edge of Hyd-HR-CsPI were not displaced
as much as the other materials due to a lower iodide content to
limit the PNC growth. Nevertheless, this material exhibits the
most suitable stoichiometry, which is vital for improving the
photophysical properties. Hyd-HR-CsPI exhibited the highest
PL intensity, followed by Hyd-Com-CsPI (Figure S6B’),
allowing us to further corroborate that the Hyd purification of
PbX, generates a lesser-defective halide precursor to synthesize
high-quality PNCs with improved optical properties.

By comparing the PL features of blue- and red-emitting
PNCs, it is evident that the emission intensity of Hyd-CsPI
samples is at least 2-order magnitude higher compared to that
of Hyd-MHDP, see Figure S6. This is reasonable since CI-PNCs
are more prone to present deep trap energy levels into their
wider band gap, being these states the primary nonradiative
recombination sites.”*® With the purpose for improving the
PL features of the Hyd-treated MHP samples keeping almost
unaltered their blue-light emission, we have added a low
amount of didodecyldimethylammonium bromide (DDAB) to
the colloidal solutions (100 uL, 12.5 mM DDAB in toluene)
and measured again their corresponding PL spectra. DDAB is
used in the ligand passivation process of PNCs by (i) filling
Br™ species into the halide vacancies from PbX4 octahedra,
while (ii) DDA" cations show a high binding capability to Br
domains or adsorbed Br~ species from the PNC surface.’"’
As seen in Figure S7, Hyd-AP- and Hyd-Com-MHPs display a
redshift from their nonmodified counterparts and a significant
increase of the emission intensity, associated to the
incorporation of Br~ species from DDAB.”” This suggests
that these materials show a low content of surface defects to be
filled, providing a more efficient radiative recombination
channel. At this stage, we found suitable the incorporation of
DDAB to improve the photophysical properties of Hyd-treated
MHPs, mainly PLQY, and support the modulation of their
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Figure 3. Behavior of (A,E) PLQY, (B,C/F) radiative (k,) and nonradiative recombination (k,.) decay constants, and their corresponding k,/k,,
ratio for (A—D) MHP PNCs in the absence (black dots) and presence of DDAB (blue dots) and (E—G) CsPI PNCs synthesized with different

crystallized and purified PbCl, and Pbl, precursors, respectively.

band structure to conduct photocatalytic reactions, as we will
show later.

The diverse recrystallization/purification processes of PbX,
also impact on the surface environment and chemical
speciation of the CsPbCl;_ Br, and CsPbl; PNCs, as it was
analyzed by X-ray photoelectron spectroscopy (XPS). Through
survey spectra, the coexistence of C, N, O, Cs, and Pb; Cl and
Br into MHPs, and I atoms in CsPI was identified (Figure
S8A,B). The chemical composition of the materials is
summarized in Tables S5 and S6. Figure 2A,A’ depicts the
high-resolution (HR) XPS spectra of the Cs 3d spectra of
MHPs and CsPI samples, showing two characteristic doublets
~724/738 eV. These signals correspond to the Cs 3ds;, and
Cs 3d;,, core levels, respectively, ascribed to the presence of
Cs* species in the CsPbXj structure.”’ Furthermore, it also
evidenced that the doublets are displaced to lower binding
energies (BEs) in both kinds of materials. In the case of MHPs,
this trend is associated to the increase of bromine in the PNCs
as the Hyd purification is conducted, corroborating that Br~
domains compensate the halide positions during PNC
formation (see Table SS). In the case of CsPI materials, the
BE shift of the Cs 3d peaks is ascribed to the presence of more
iodide species coming from a more purified Pbl,.

Although AP-, CR-, and HR-CsPI also feature an excess of
iodide compared to the I-deficient Com-CsPI (deducted from
a I/Pb ratio higher than 3, Table S6), these materials show
some Cs' deficiency, suggesting an alteration in the
stoichiometry of CsPbl; PNCs. This deficiency is also
exhibited in the MHPs (Table SS), which is reduced by
reaching the suitable Pb/(Cl + Br) ratio of ~1:3 for the Hyd-
AP-MHPs sample. The presence of Cs* defects in MHPs and
CsPI materials is associated with the reactions taking place
during their synthesis, where a defective PbX, precursor is

critical to impact the stoichiometry and stabilization of the final
product (Supporting Information, page 10).

Figure 2B shows the HRs-XPS Cl 2p and Br 3d spectra of
the corresponding MHPs obtained by using different PbCl,
precursors with and without Hyd purification. Typical doublets
2p3/, and 2p, /, core levels were observed in the CI 2p spectra,
associated with Pb—Cl bonds (~197.6/199 eV).”® Meanwhile,
the characteristic 3ds;, and 3d;/, core levels ~68/69 eV
appeared in the Br 3d spectra, ascribed to Pb—Br species.’”*’
The coexistence of Pb—Cl and Pb—Br bonds confirms the
formation of the CsPbCl;_,Br, mixed-halide structure.
Furthermore, in both CI 2p and Br 3d spectra, a displacement
of BEs to lower values for Hyd-AP- and Hyd-Com-MHPs takes
place, compared to that for AP- and Com-MHPs, corroborat-
ing the substitution of CI~ domains by the Br™ species into the
perovskite lattice. This trend agrees well with the chemical
composition shown in Table S5, where the Cl/(Cl + Br) ratio
is decreased for MHPs grown by using purified PbCl,. On the
other hand, Figure 2B’ shows the HRs-XPS I 3d spectra of the
CsPI samples synthesized by using recrystallized and purified
Pbl,. In all the materials, the corresponding spin—orbit
splitting 3ds/, and 3d;,, signals are observed ~618.3/630 eV,
associated to the iodide species from the [Pbls] octahedra
making up the PNCs.”" In addition, no changes in the BEs of
the I 3d doublets were evidenced, indicating that the nature of
the treated Pbl, does not produce any secondary structures
than the expected 3D. Nevertheless, the iodide content appears
to be higher after Hyd purification as we can infer by the
increase of the I/Pb ratio displayed in Table S6. Hence, it is
concluded that the Hyd treatment is vital for improving the
crystallinity of PbX, by filling halide defects into [PbX,] units
in the halide precursor. This triggers that more halide species
participate in the formation of less-defective CsPbX; PNCs
and their stabilization through surface passivation.

https://doi.org/10.1021/acs.chemmater.1c02772
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02772/suppl_file/cm1c02772_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02772?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02772?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02772?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02772?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Figure 2C,C’ shows the HRs-XPS Pb 4f spectra of the
MHPs and CsPI materials, respectively, where representative
Pb 4f,/, and Pb 4f;,, core levels were attained ~138/143 eV in
both cases. These signals are associated to the presence of Pb**
from the CsPbCl;_,Br, and CsPbl; PNC structures,
respectively.””®" Similar to the described elements above, the
displacement of the BEs of the Pb 4f doublets in the case of
MHPs corresponds to the Br~ incorporation into the
perovskite to produce more Pb—Br bonds, while this shift
observed in the CsPI samples is ascribed to a higher density of
iodide species to produce more Pb—I bonds into PNCs.
Surprisingly, in all the MHPs and CsPI samples with some
halide deficiency, we did not observe the presence of metallic
lead as it has been reported in our previous works.”" This
discrepancy can be related to the use of MeOAc as the
antisolvent to wash the PNCs. This solvent removes some
surface ligands and unreacted species after the material
synthesis and passivates the halide vacancies to bind the
undercoordinated Pb through the COO™ anions, as reported
by Zhang and coworkers.”” As seen in Tables S5 and S6, the
oxygen-to-total halide ratio [defined as O/ (X + Oygorar)] is
the lowest one for the Hyd-AP-MHPs and Hyd-HR-CsPI
samples, also achieving a high Cs* content (Figure 2D,D’).
This fact allows us to deduce that the density of structural
defects compensated with the MeOAc decreases significantly
by using Hyd-purified Pbl, with fixed [PbX,] octahedra and
suitable stoichiometry.

Given that the quality of the PbX, exhibits a high impact on
the density of surface defects of PNCs, it is evident that fixing
the stoichiometry from Pb—X octahedra in halide precursors
leads to a final product with a lower deficiency of species such
as Cs* and X. Thus, by using different crystallization
treatments and purification steps on PbX, through defect
engineering, it is possible to reduce the probability to obtain
highly defective PNCs, improving their photophysical proper-
ties and stability. Under these premises, we studied the PLQY
of MHPs and CsPI samples synthesized with different treated
PbCl, and Pbl, precursors, respectively. As seen in Figure 3A,
the highest PLQY of ~26% is achieved for Hyd-AP-MHPs,
followed by the Hyd-Com-MHPs (21%), compared to their
nontreated counterparts. As mentioned above, the appearance
of more Pb—Cl bonds into PbCl, after the Hyd process
improves their stoichiometry, which would provide CI™ species
to take part in the MHP growth. However, the high
complexation affinity of Pb—Cl makes difficult the dissolution
of the halide precursor, indicating that more Br™ species from
PbBr, fill the halide sites into the perovskite structure.
Consequently, the density of deep states provided by the Cl
vacancies is reduced, decreasing the nonradiative recombina-
tion sites. Further mechanistic insights into the recombination
dynamics of the MHPs were obtained by time-resolved PL
(TRPL) measurements (Figure S9A), collecting their corre-
sponding average electron lifetimes, 7,,, by fitting the PL
decays through a triexponential equation, y = y, + A; e™/™ +
A, e/ + A, e™/%, Each decay component was associated to
the nonradiative recombination promoted by shallow defects
(7)), radiative recombination (7,), and the presence of deep
states (), respectively.’>** According to Table S7, 7; < 7, < 7;
in MHP growth using PbCl, in the absence of Hyd
purification. This fact allows us to deduce that the carrier
trapping through deep states is favored (high density of CI~
vacancies). However, after PbCl, purification, 7; > 7, > 7y,
indicating that shallow states govern the nonradiative

recombination pathway into MHPs (incorporation of Br~
species to compensate the Cl™ deficiency).

Then, by purifying PbCl,, the longer is the 7,,,, indicating
that the carrier recombination is retarded (Table $7).°* In
addition, through the PLQY and 7, values, radiative and
nonradiative recombination constants (k, and k,,, respectively)
are determined, as indicated in Table S8. While Com-, AP-,
and Hyd-AP-MHPs show a similar k, Hyd-Com-MHPs
present a higher value (Figure 3B). This can be ascribed to
the CI/(Cl + Br) ratio of the corresponding materials
(estimated from XPS), where the density of Br~ domains
exceeds that of the CI” ones in Hyd-Com-MHPs. Never-
theless, since the (CI + Br)/Pb ratio of this material is lower
than that of Hyd-AP-MHPs, we infer that there is a higher
density of halide vacancies to produce nonradiative recombi-
nation centers. We can corroborate this argument by observing
k,. (Figure 3C), where Hyd-Com-MHPs show the highest
value. Conversely, the lowest k. and, thereby, the k, /k, ratio
(Figure 3D) are achieved by Hyd-AP-MHPs, deducing that the
nonradiative channel is hindered to increase the PLQY.
Despite this enhancement, the PLQY is still low (less than
30%), which means that there are enough halide vacancies to
quench the radiative recombination channels and to harm the
optical features of the MHPs. Consequently, by adding DDAB
into the MHP colloidal solutions, their corresponding PLQY
(up to 88%) and k, increased (Figure 3A,B), while k,, and &,/
k, significantly reduced, as the case of Hyd-AP-MHPs (Figure
3C,D). Here, the trend of Tavg in DDAB-MHPs was similar to
that of the pristine ones, fitting their corresponding TRPL
decays to a triexponential equation, as discussed above (Figure
S9B and Table S8). At this stage, we can deduce that DDAB
passivates the MHP surface by filling some deep states,
mediating the radiative recombination pathway. To propose
how DDAB passivates the MHPs, we achieved HRs-XPS Cl
2p/Br 3d (Figure S10 and Table S9) and UV—vis absorption
spectra (Figure S11) in these materials in the presence of the
ligand. A partial exfoliation of the PNC surface to replace/fill
Cs" cations by DDA" ones was observed, while Br~ anions
compensate Cl™ vacancies to reduce the fraction of deep states
(Supporting Information, page 12).

In the case of the CsPI materials, the Com-AP- and
recrystallized samples show a PLQY higher than 90%, while
Hyd-treated CsPI achieved a value of up to 100% (Figure 3E).
This fact demonstrates the growth of high-quality CsPbl,
PNCs with suppressed nonradiative recombination channels
by using our synthetic protocol, which has been published
previously.” Subsequent PLQY measurements were obtained
during 4 months under ambient conditions and a relative
humidity (RH) of 50—60%, where the PLQY of the Com-,
AP-, and recrystallized CsPI decreases after being practically
negligible after 1 month. Meanwhile, Hyd-HR- and Hyd-Com-
CsPI preserve their optical feature after 4 months, reaching
PLQYs of ~81 and 73%, respectively. We associate this
discrepancy in stability to the presence of the high oxygen
content to compensate the halide vacancies and the generation
of high Cs" deficiency from the PNC surface. Clearly, AP-,
Com- CR-, and HR-CsPI show both an excess of the adsorbed
oxygen to instigate the self-degradation of the PNCs and the
presence of Cs* defects to induce transformation into the a-to-
P-phase transformation through octahedral distortion. Then,
although the Hyd-treated CsPI does not exhibit Cs* deficiency
as we noted by XPS (Table S6), Hyd-Com-CsPI contains a
higher fraction oxygen compared to that of Hyd-HR-CsPIL
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Figure 4. (A) Band structure (vs Fermi level) of DDAB-treated MHPs obtained from normalized XPS VB spectra through the extrapolation
method. (B) Photodegradation of benzyl alcohol (BzOH, 1.5 mM) vs time and the (C) corresponding kinetic rate curves obtained in the absence

(green line) and presence of DDAB-treated MHPs: Com-MHPs (black

line), Hyd-AP-MHPs (red line), and Hyd-Com-MHPs (blue line). (A")

Relative energy band positions of a CsPbl;-LED configuration. Performance characterization of devices: (B’) J—V—L curves (current density, right
side and luminance, left side) and (C’) maximum EQE obtained from CsPbl;-LED fabricated from CsPI samples: Com-CsPI (black dots), Hyd-
HR-CsPI (red dots), and Hyd-Com-CsPI (blue dots). Insets of (B,C’) depict the PNC solutions used during photocatalytic tests and device

fabrication, respectively.

This fact can be the reason to generate a faster decrease in the
PLQY. Similar to MHPs, TRPL measurements were obtained
to study the recombination kinetics of CsPI (Figure S12).
TRPL decays of all CsPI materials were fitted by a
biexponential function to calculate 7., k, k,, and k,/k,
parameters (Table S10). Although the PL decays of Hyd-
treated CsPI with 100% PLQY are close to show a
monoexponential behavior, a biexponential fitting describes
their PL dynamics better. The fact that the PL decay profile of
Hyd-treated CsPI does not exhibit a monoexponential
behavior has been related to the trapping—detrapping process
with shallow defects in the perovskite conduction band (CB),
as reported in our previous works.”*®

By comparing the recrystallization and purification pro-
cesses, CsPI samples show a similar k, while Hyd-treated
samples exhibit a suppressed k,, (Figure 3F) and k,/k, ratio
(Figure 3G). This fact corroborates that Hyd purification is the
best treatment to enhance the crystallinity of Pbl,, associated
to the reduction of iodide-mediated defects (electron traps)
and support the radiative channel. Accordingly, we conclude
that Hyd-treated PbX, facilitates the synthesis of less-defective
and stable CsPbX; PNCs with better surface stoichiometry,
suppressed nonradiative recombination traps, and improved
photophysical properties that eventually will impact the devices
and systems prepared with them suitable among other for
optoelectronics and solar-driven chemistry. We have high-
lighted this fact by preparing LEDs and carrying out
photocatalyst experiments comparing the performance of
these systems fabricated with both PNCs synthesized with
commercial and with Hyd-treated PbX, precursors.

We carried out the photocatalytic (PC) oxidation of benzyl
alcohol (BzOH) as a model molecule under ambient air by

using DDAB-modified Com-, Hyd-AP-, and Hyd-Com-MHP
colloidal solutions. Prior to conducting the photooxidation of
the organic molecule, we have established the band structures
of these materials by determining their corresponding valence
band (VB)- and CB-relative positions (Figure 4A). This was
performed to understand the relationship between the
electronic structure of MHPs in their PC properties.’'
Through normalized XPS VB spectra, we estimated the
ascribed VB energy (Eyg) of MHPs by using the extrapolation
method (Figure S13). We further calculated the CB energy
(Ecp) through the equation Eyg = Ecg + E,. Here, E, of Com-,
Hyd-AP-, and Hyd-Com-MHPs after DDAB addition was
estimated to be 2.60, 2.57, and 2.55 eV from PL spectra.
Although the MHPs contain the same amount of DDAB, Eyj;
was displaced to more negative energy values in the following
order: Hyd-Com- > Hyd-AP- > Com-MHPs. This trend
suggests the increase of the Br~ content to fill the halide
positions into MHPs likely leading to a lower oxidizing power
for the photocatalysts. However, the band gap narrowing
improves the light harvesting to generate more photocarriers.
The balance between the band gap and Eyy is pivotal to favor
the PC activity of the materials.

After studying the band structure of the blue-emitting
MHPs, we performed the PC oxidation of BzOH, which was
monitored through the characteristic UV—vis absorption
spectrum from the organic molecule, in the absence and
presence of MHPs under continuous UV—vis light illumination
for 90 min (Figure S14A—D). The change in the absorbance of
BzOH described as C/C, was measured every 10 min (Figure
4B), being C, the concentration as a function of time and C,,
the initial concentration. The respective pseudo-first-order rate
constants (k) were obtained from the photo-oxidation curves
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by using the equation In(C,/C) = kt, where ¢ is the reaction
time (Figure 4C). MHP colloidal solutions are shown in the
inset of Figure 4B. In the absence of the photocatalyst,
photolysis provides the lowest decrease of the C/C, ratio
(~8%), in addition to the subsequent appearance of new
signals at lower wavelengths. We have corroborated the
photochemical oxidation of BzOH to benzaldehyde
(BzCHO) by achieving the typical UV—vis spectrum of this
organic molecule. Then, in the presence of the photocatalysts,
the highest PC performance and k was obtained for Hyd-AP-
MHPs, with a maximum photodegradation efficiency of ~40%,
followed by Hyd-Com-MHPs (37%) and Com-MHPs (17%).
As such, we conclude that Hyd-AP-MHPs reached a suitable
balance between the band gap and highly oxidizing VB-relative
position, suggesting that BzOH molecules can be consumed
faster by photogenerated holes in the PNC/solution interface.
Interestingly, the emergence of BzZCHO was not confirmed
during the reaction, indicating that an alternative oxidation
mechanism takes place. By tracking the PL spectra of MHPs in
the presence of BzOH for 60 min (Figure S15), we observed a
redshift in the emission peak position for the three different
materials, which is a notorious indication that a ligand
exchange between BzOH molecules and OA/OLA is
generated. The binding of BzOH to the PNC surface could
be the first step to promote the selective formation of different
species, for instance, benzoic acid or benzyl benzoate, which
would be attractive to analyze in future works. Hence, we can
conclude that Hyd-treated MHPs can photocatalyze organic
reactions with enhanced efficiency by establishing an adequate
equilibrium between their optical properties and oxidizing
power.m’66

In the case of red-emitting PNCs, Com-, Hyd-HR-, and
Hyd-Com-CsPI colloidal solutions were used to fabricate
LEDs through the architecture ITO/PEDOT/PSS/poly-TPD/
CsPbl;/PO-T2T/LiF/Al (Figure 4A’). The relative energy
band positions of the LED configuration have previously been
reported.*” Images of CsPI colloidal solutions used here are
shown in the inset of Figure 4C’. These configurations ensure
the suitable injection of carriers into the PNC layer.”” Then, in
order to avoid the effect of external factors on device
fabrication such as PNC concentration, thickness of active,
electron, and hole transport layers, and so forth, we prepared
different batches of LED devices using the corresponding
MHPs and CsPI PNCs for the optimization process. For
CsPbl;-based LEDs, J—V—L characteristics and EQE (Figure
4B',C’) illustrate the performance of Com-CsPI (L = 106S cd
m™2 ] =93 mA cm™ and EQE = 5.6%), Hyd-HR-CsPI (L =
679 cd m™2, J = 344 mA cm™2, and EQE = 11.4%), and Hyd-
Com-CsPI (L = 832 ¢d m™>, J = 260 mA cm™2, and EQE =
13.6%). All the systems presented a turn-on voltage of around
5 V and also a roll-of effect at currents of ~100 mA-cm™
which is near to the operation features of CsPbl; LED
previously shown.” Attending to the high oxygen content
found in Com-CsPI coming from MeOAc to compensate the
halide vacancies and restrain the presence of metallic lead, we
suggest that this emitting layer contains enough short carbon-
chain acetate anions to facilitate the carrier injection into the
device. Nevertheless, the nonsuitable stoichiometry coming
from this material allows us to deduce that the carriers can be
trapped by nonradiative recombination sites. This is reported
to be a main reason for the current leakage and produce an
unbalanced charge injection.

Then, although both Hyd-treated PNCs display enhanced
PL properties, we infer that the presence of a higher content of
MeOAc species and an adequate stoichiometry established in
the Hyd-Com-CsPl provides a better carrier injection
transport into the active layer, compared to Hyd-HR-CsPIL
In this way, a slight increase of the EQE can be reached. This
fact can also be corroborated through electroluminescence
measurements (Figure S1I6A—C) where the Hyd-Com-CsPI
featured the highest emission intensity. Nevertheless, the Hyd-
treated CsPI devices exhibit improved radiative carrier
recombination, leading to an increased performance of the
red-emitting LEDs. Hence, we demonstrate that the crystal-
lization and purification of PbX, precursors open the door for
the defect engineering to synthesize less-defective PNCs, with
enhanced photophysical and electronic properties, to be
chosen as a potential option for the fabrication of highly
efficient optoelectronic devices.

3. CONCLUSIONS

By studying diverse strategies to enhance the crystallinity and
quality of PbCl, and Pbl, precursors, we establish the synthesis
of CsPbCl;_,Br, and CsPbl; PNCs with reduced structural
defects that produce improved photophysical properties and
stability. We elucidated that the Hyd purification of PbCl,
promotes the filling of CI vacancies existing in the halide
precursor structure, providing more Pb—Cl bonds. However,
the high complexation affinity of Pb—Cl restrains the
dissolution of purified PbCl,, indicating that more Br™ species
from PbBr, occupy the halide domains in the perovskite
structure. Consequently, the density of deep states provided by
the ClI vacancies is reduced, decreasing the nonradiative carrier
traps. In this way, the ligand passivation through the addition
of DDAB is maximized, achieving a high PLQY of around 88%.
In the case of red-emitting PNCs, the HR process followed by
the Hyd treatment compensates the halide deficiency
presented in Pbl,, indicating that more I species can
participate in the CsPbl; perovskite growth. A suitable surface
stoichiometry is obtained, hindering the octahedra tilting and
stabilizing the photoactive black cubic a-phase. Thus, we were
able to reach a PLQY of up to 100%, suppressing the
nonradiative recombination pathways and facilitating the
radiative recombination dynamics. Under this consideration,
PLQY of the samples only displayed a decrease of 19% after 4
months under ambient air and RH ~50—60%, indication of
their long-term stability, confirming that decreased defect
density not just increases performance but stability. Ultimately,
the preparation of less-defective PNCs enhances the perform-
ance of the systems and devices prepared with these PNCs.
Hyd-treated CsPbCl;_,Br, PNCs were used as photocatalysts
to photo-oxidize BzOH, yielding 40% during the reaction,
doubling the performance of PNCs synthesized with
commercial precursors. On the other hand, LEDs prepared
with Hyd-treated CsPbl; PNCs also double the EQE of LEDs
fabricated with commercial precursors, achieving a maximum
EQE of 13.6%. Therefore, we prove that the purification of
PbX, precursors prior to the PNC synthesis is a valuable
approach to guarantee the growth of a high-quality and stable
material, with eflicient optical performance, which are
attractive features for the development of improved solar-
driven processes and efficient LED technologies, and this
strategy could be successfully extrapolated to other optoelec-
tronic devices in order to increase their performance and long-
term stability.
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4. EXPERIMENTAL SECTION

4.1. Purification of PbX, Precursors. 4.1.1. Pbl, and
Recrystallization. The synthesis and purification of Pbl, were carried
out following the “Golden Rain” method,* provided by the Royal
Society of Chemistry with minor modifications, which referred to our
previous report.”” In brief, 3.793 g of Pb(CH,COO), and 5.29 g of KI
were dissolved in each 2 of 1 L distilled water bottles. 3 mL of 4 M
HCI was added to the lead acetate solution to prevent hydrolysis.
Next, the two aqueous solution bottles were gradually mixed. During
the mixing process, bright yellow lead iodide precipitations could be
observed immediately. When the precipitation could be observed, the
solution was heated until the precipitate dissolves in the solution. The
heated solution was cooled to room temperature. The cooling process
would take around 2 h. About 2 h later, recrystallized Pbl, was
formed. Furthermore, the Pbl, solution was placed in the refrigerator
within 3 h to obtain Pbl, from the solution as much as possible. The
recrystallized Pbl, was successively filtered to isolate Pbl,. The filtered
Pbl, was dried overnight in a vacuum oven.

4.1.2. PbCl, and Recrystallization. 2.672 g of PbCO; was
dissolved in 1 mL of distilled water. Also, 10 mL of 4 M HCI was
added to the lead carbonate solution. When HCI was added, the
reaction in between lead carbonate and HCI occurred in the solutions
and the bubbles of CO, were generated. When the bubbling of CO,
was done, lead chloride could be observed with precipitation.

4.1.3. Hydrothermal Purification. Hydrothermal purification was
carried out after the drying process. 0.8 g of Pbl, (3.2 g of PbCl,) and
120 mL of distilled water were placed in a 150 mL Teflon-lined
hydrothermal autoclave. The autoclave was maintained at 200 °C for
6 h and then cooled to room temperature for 18 h. The crystallized
PbX, was filtered and dried overnight in a vacuum oven.

The corresponding precipitation reaction schemes of PbX, (X = Cl
and I) are shown in eqs 1 and 2, respectively, as follows

Pb(CH?,COO)Z(aq) + ZKI(aq) - PbIZ(q) + ZCH3COOK(aq) (1)

Pb(CH,COO),,) + 2HCl,,) — PbCly, + 2CH,COOH,)
)
Furthermore, PbX, materials were placed in deionized (DI) water
in a Teflon-lined hydrothermal autoclave, and during the hydro-
thermal process with increasing temperature to 200 °C, insoluble
PbX, with impurities at 25 °C starts to dissolve and crystallized/
purified materials were able to be obtained.. Note that PbCO; was
also obtained as a byproduct during the precipitation process. This is
because the reaction occurs in aqueous solution under ambient air
conditions, where CQO, in air could dissolve in the solution and induce

the following reaction, as a competitive reaction with reaction 1

Pb(CH;COO),,g) + 2H,CO4,)
— PbCO,) + 2CH,COOH, ) 3)

To reduce the formation of byproducts, HCl was added since (i) it
increases the yield by decreasing the pH < 5% and (ii) it prevents lead
carbonate formation."”” To improve the quality of PbX,, the
recrystallization/hydrothermal process facilitates the thermodynamic
decomposition of PbCO; by producing CO, gas with lower solubility
at a higher temperature, so the byproduct PbCOj; (reverse reaction in
eq 3) could be removed after the recrystallization/hydrothermal
process.

4.2. Synthesis of CsPbCl;_Br, and CsPbl; PNCs by Hot
Injection. CsPbCl,_,Br, mixed halide (MHPs) and CsPbl; (CsPI)
PNCs were obtained by a hot-injection synthetic protocol through
stoichiometrically mixing both the Cs-oleate and PbCl,/PbBr, and
Pbl, solutions with some modifications.’ For preparing the Cs-oleate
solution, 0.61 g of Cs,CO; (202126, 99.9%, Sigma-Aldrich) and 2.0
mL of oleic acid (OA, 364525, 90%, Sigma-Aldrich) were mixed in 30
mL of 1-octadecene (1-ODE, 0806, 90%, Sigma-Aldrich) into a 50
mL three-neck flask under vacuum for 30 min at 80 °C. Then, the
temperature was increased to 120 °C and kept under vacuum for 30
min. By using a N, purge, the mixture was heated at 150 °C,

dissolving Cs,CO; completely. In order to prevent the Cs-oleate
precipitation to produce Cs,0, the resultant transparent solution was
kept at 120 °C under vacuum.

For synthesizing MHPs, 0.15 g of crystallized/purified PbCl,
[commercial (Com) ABCR; AB202087, 99.999%], as-prepared
(AP), commercial and AP + hydrothermal process (Hyd-Com,
Hyd-AP, respectively), and 0.20 g of PbBr, (ABCR; AB20208S,
99.998%) were mixed with 25 mL of ODE into a 100 mL three-neck
flask. In the case of CsPL 0.50 g of crystallized/purified PbL, (Com
ABCR; AB111058, 99.999%, Com TCI; L0279, 99.99%, AP), cold-
crystallized (CR), hot-crystallized, commercial, and HR + hydro-
thermal process (Hyd-Com- and Hyd-HR-, respectively) were mixed
in a three-neck flask, with the same volume of 1-ODE.

The corresponding PbX, mixtures were degasified at 120 °C under
vigorous stirring for 1 h. Then, 2.5 mL of each preheated OA and
oleylamine (HT-OA100, 98%, Sigma-Aldrich) and 2 mL of
trioctylphosphine (718165, 97%, Sigma-Aldrich) for supporting the
PbCl,/PbBr, dissolution were added to the flask. Under a N,
atmosphere, the temperature of PbCl,/PbBr, and Pbl, mixtures
quickly increased to reach 170 and 190 °C, respectively.
Simultaneously, 2 mL of preheated Cs-oleate was rapidly injected,
obtaining white MHPs and red CsPI precipitates in the colloidal
solution. The flask was added into an ice bath for S s to quench the
reaction mixture. For the isolating process, the dispersed PNCs were
immediately centrifuged at 5000 for S min with methyl acetate
(MeOAc, 296996, 99.5%, Sigma-Aldrich) (all final QDs were liquor-
washed with 60 mL of MeOAc). PNC pellets were separated from the
supernatant and redispersed with hexane (CHROMASOLYV, 34859,
99.7%, Honeywell) to concentrate at a desired value for further
analysis (50 mg mL™") and stored in the dark at 4 °C for at least 24 h
to precipitate excess Pb-oleate. The PNC solution was decanted and
centrifuged again at 6500 rpm for S min before use. Here, hexane was
dried, and the final product was dissolved in n-octane (A13181, Alfa
Aesar) at a concentration of ~30 mg mL™.

4.3. Characterization of Morphology, Structure, Optical
Properties, and Chemical Environment of the CsPbCl;_,Br,
and CsPbl; PNCs. The morphology of the PNCs was evidenced by
achieving HR TEM images by using a field-emission tunneling
electron microscope (Hitachi HF-3300), with an applied bias of 300
kV, and the crystalline structure for the PNCs with additional SAED
patterns. The average particle size of PNCs was obtained from the
TEM images with Image] software. XRD profiles of the PbX,
precursors and PNCs were obtained by using a X-ray diffractometer,
PANalytical X'Pert PRO with the following factors: 26 range of 5—
80° (0.02°/step and 1.2 s/step) using a Cu Ka radiation source (1 =
1.54056 A). UV—vis absorption spectra of PNC solutions were
acquired by using a UV—vis absorption spectrophotometer (Varian,
Cary 300). The wavelength range for the measurements was 400—850
nm. Steady-state and TRPL measurements were conducted using a PL
spectrophotometer (Fluorolog 3-11, Horiba). An excitation wave-
length of 420 nm was used to perform the steady-state PL. The
concentration of the samples was fixed to 2 mg mL™" in hexane using
a quartz cuvette of 10 X 10 mm. TRPL measurements were
performed at 405 nm pulsed laser (NanoLED-40SL, <100 ps of pulse
width, 1 MHz frequency). The absolute PLQY of the MHP and CsPI
solutions was estimated through a Hamamatsu PLQY Absolute QY
Measurement System C9920-02, equipped with an integrating sphere,
at an excitation wavelength of 400 nm. Here, absorbance was adjusted
in an interval range around 0.5—0.7 to conduct the measurements,
being these values suitable to achieve the maximum PLQY in the
samples. Surface chemical composition and electronic state of PQDs
were determined by XPS (ESCA-2R, Scienta-Omicron). Spectra were
recorded using monochromatic Al Ka = 1486.6 eV. The following
sequence of spectra were recorded: survey spectra, C 1s, Pb 4f, I 3d,
Cl 2p Br 3d, O 1s, N 1s, and C Is again to verify the stability of the
charge as the function of time. The survey and HR spectra were
recorded at a pass energy of 150 and 20 eV, respectively. The BE scale
was referenced to adventitious carbon (284.8 eV). CasaXPS
processing software (Casa Software Ltd) was used to analyze the

https://doi.org/10.1021/acs.chemmater.1c02772
Chem. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

data, and the quantitative analysis was made using sensitivity factors
provided by the manufacturer.

4.4. Photocatalytic Benzyl Alcohol (BzOH) Photodegrada-
tion. The photo-oxidation of BzOH was tracked through their
characteristic maximum of absorbance ~258 nm by using a Lambda
1050+ PerkinElmer UV/Vis/IR spectrophotometer. An organic
solution containing 2.0 mg mL™" PNCs and 15 mM BzOH in hexane
was used for the photocatalytic measurements under ambient air. This
solution (3 mL of total volume) was placed inside a quartz cuvette
and irradiated at 100 mW cm ™ with an Oriel 300 W Xenon lamp. 50
uL of aliquots of this solution was extracted every 10 min to monitor
the evolution of the absorbance at 258 nm.

4.5. Fabrication of the CsPbl;-Based LEDs. In order to have an
active area of 6 mm?, 2.5 X 2.5 cm* ITO substrates (10 £/cm?) were
partially covered with scotch tape. Then, the substrates were etched
with zinc powder and 6 M HCI (37% HCI was diluted with equal
volume) one by one and wiped with tissue paper and rinsed with DI
water. Then, scotch tape was removed and any remaining glue from
tape was cleaned with paper and ethanol, and then, substrates were
introduced in a soap solution and sonicated for 15 min. Subsequently,
ITO substrates were introduced in isopropanol and then in acetone,
each one sonicated for another 15 min and dried with compressed air
or nitrogen. After that, the substrates were introduced into a UV—0;
cleaner for 20 min and the solution of PEDOT /PSS was spin-coated
at 3000 rpm for 30 s and annealed at 140 °C for 10 min in air to yield
a thin layer (20 nm). Next, a poly-TPD layer was spin-coated (20 mg/
mL in chlorobenzene) at different revolutions per minute (e.g., 4000
rpm) for 30 s and subsequently annealed at 140 °C for 10 min in air.
Solutions of CsPI (30 mg/mL) in n-octane were spin-coated at 3000
rpm for 30 s. After that, 60 nm of POT-2T (for CsPI), 1 nm of LiF,
and 100 nm of Al were thermally evaporated at rates of 0.2—0.3, 0.05,
and 1.5—2 A/s, respectively. The LED characterization (EL spectra,
J—V—L curves, luminance, and EQE) was determined by using a
Hamamatsu EQE measurement system (C9920-12) coupled with an
integrating sphere connected to a PMA-12 photonic multichannel
detector and a Keithley 2400 instrument as a current/voltage source
meter.
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