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All-inorganic lead halide perovskite nanocrystals (NCs) have shown
great potential as emerging semiconducting materials due to their
excellent optoelectronic properties. However, syntheses in solution
commonly use high temperatures and toxic solvents, which are
obstacles for safety and sustainability of the process. In this work, laser
ablation in alcohol is proposed as a simple and sustainable, ligand-free,
top-down approach to synthesize CsPbBrs; nanocrystals in ambient
conditions. The effects of different low boiling point commercial
alcohols used as solvents on the optical properties of CsPbBr; NCs
colloidal solutions are investigated. Although in traditional bottom-up
synthesis alcohols are usually found to be not appropriate for the
synthesis of perovskite NCs, here it is demonstrated that CsPbBrs
orthorhombic nanocrystals with narrow full width half maximum
(FWHM < 18 nm), long photoluminescence lifetimes (up to 17.9 ns) and
good photoluminescence quantum yield (PLQY up to 15.5%) can be
obtained by selecting the dielectric constant and polarity of the
alcohol employed for the synthesis.

Introduction

Lead halide perovskite nanocrystals (NCs) have drawn great
attention in the last years and they found application in a variety
of optoelectronic devices like light-emitting diodes, solar cells,
transistors, laser, photo-detectors, quantum information and
photocatalysis." Such a high versatility is attributable to their
plethora of desirable properties: long carrier diffusion lengths,
simple bandgap tunability, high absorption coefficients and
exceptional defect tolerance.*® Defect tolerance is a very
attractive property as it makes solution-processing a viable
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1 Electronic supplementary information (ESI) available: Details of the ablation
setup; PbBr, molar extinction coefficient; environmental, health and safety
guidelines for solvents; optical, structural, and morphological characterization
of PbBr, and CsPbBr; nanocrystals; Z-potential and DLS measurements of
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prospect.® In addition to the relatively low cost of perovskite
precursor salts, the perovskite-based optoelectronics have
recently gained substantial commercial appeal. However, in-
vacuum “hot-injection” synthesis is the most widely used
approach to produce perovskite nanocrystals, although this is
a challenging approach for a sustainable process.” Recent
approaches are based on free-amine syntheses obtained,
however, at high temperature and with the usual solvents.?
Room temperature processes, performed without environ-
mental problems, are more attractive®'® and the identification
of suitable green solvents is a relevant aspect to consider.'**?
Recently, several solvents have been selected on the basis of
environmental, health and safety (EHS) evaluations and guides
for their selection have been created.” The innovative medi-
cines initiative (IMI)-CHEM21 selection guide is used to select
the solvents in the present approach.” Small dimension
nanocrystals and colloid stability are important to get stable
and high-emissive inks. In bottom-up synthesis, perovskite NCs
with small dimensions are usually obtained with a shell of
organic ligands, which are crucial both for colloidal stability as
well as for surface defect passivation.”™® The low stability of
lead halide perovskite NCs in such post-synthetic processes still
limits their properties.”*** Laser ablation synthesis in solution
(LASiS) has proven to be a viable top-down method for the
synthesis of ligand-free lead halide perovskite NCs in ambient
conditions.”*?* In this work, LASiS process was optimized for
the synthesis of all-inorganic CsPbBr; perovskite NCs in eco-
sustainable solvents at ambient condition. The effects of
different commercially available alcohols, used as solvent for
the LASIS process, on the optical properties of CsPbBr; NCs
colloidal solutions are investigated. Although in traditional
bottom-up synthesis alcohols are usually found to be not
beneficial for perovskite NCs,**?¢ here it is demonstrated that
orthorhombic CsPbBr; nanocrystals with narrow FWHM down
to 16 nm, long PL lifetimes up to 17.9 ns, and good PLQY up to
15.5% can be obtained by selecting the dielectric constant and
polarity of the alcohol employed for the synthesis. The lower
surface tension and higher vapor pressure of alcohols,
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compared to traditional high boiling toxic solvents used for
LHP processing, can be exploited in sustainable and fast
compatible processing.>”?*

Materials and methods

Materials

Lead bromide (99.999%), cesium bromide (99.999%) and all the
anhydrous solvents used for the synthesis were Sigma-Aldrich
products and were used without further purification.

2-Step conversion of CsPbBr; nanocrystals

Precursor solutions of PbBr, NCs were obtained by LASiS using
the third harmonic of a Nd:YAG laser at 355 nm, focused on the
surface of a PbBr, compressed powder round tablet with a flu-
ence of 2 J em™>. The target was placed into a glass vial (14 mm
diameter) and immersed under 4.0 ml of alcohol (see Fig. 2b).
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LAS:iS were performed for 45 min, with 9 ns laser pulses at 20 Hz
repetition rate. To ensure a uniform erosion of the target, the
vial was continuously moved by an automated x-y movement
system, at a speed of 0.5 mm s~ . The concentration of PbBr,
NCs colloidal solutions, in the range of 0.5-0.7 mM, was esti-
mated by optical extinction (see Fig. S1}). CsPbBr; NCs were
produced as follows: 2.0 ml of 0.2 mM PbBr, NCs diluted
solution were mixed with 50 pl of 8 mM CsBr solution in ethanol
for 30 min in a sonication bath. The solutions were then
centrifuged for 4 min at 5000 RCF and redispersed in the same
pure alcohol to get CsPbBr; NCs colloidal solution without
impurities.

1-Step in situ synthesis of CsPbBr; nanocrystals

100 pl of 8 mM CsBr solution in ethanol were added to 4.0 ml
ablation solvent and then vigorously mixed on a vortex for 5 min
before synthesis. The ablation duration, between 60 and

b)
| l 1 { - L "
o ..‘_‘..Jg_._L.A_.;u,M».‘uMJ\._._A_./L_A_V;,, —— Ref
(9 ' : TEC
L . S ol A | —1Pa
(0] N
= | ' ——TBA
5 ! % 4 ——IPA
z : ——EtOH
A A ——MeOH
e . Cstr
; l —— PbBr,
N (R P
10 15 20 25 30 35 40 45 50
26(°)

(a) Dielectric constant as a function of relative polarity of most used solvents (red) and antisolvents (blue) for perovskite synthesis. It is

noticeable that, contrary to linear chain alcohols (yellow), the use of branched alcohols (green) enables to reach low values of both dielectric
constant and polarity. (b) XRD patterns of orthorhombic CsPbBrs perovskite NCs synthesized by LASIS in different alcohols. Contributes of non-
perovskite phases at low angles are highlighted with red asterisk. Pattern of PbBr, NCs obtained by LASIS in alcohol and of CsBr powders are also
reported for comparison. The orthorhombic reference spectrum (ICSD 97851) of the CsPbBrs orthorhombic phase is taken from ref. 32.
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Fig. 2 Scheme of PbBr, nanocrystals synthesis by laser ablation in alcohol and their conversion into CsPbBrz colloidal solution by the 2-step
protocol. (a) PbBr, compressed powder round pellet employed as target. (b) Picture of laser ablation in progress, showing the Nd:YAG laser beam
focused on the surface of the target immersed in alcohol. (c) TEM image of PbBr; precursor nanocrystals; the inset shows a picture of PbBr, NCs
solution under visible light. (d) TEM image of CsPbBrs perovskite nanocrystals; the inset shows a picture of CsPbBrs NCs solution under UV light.
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90 min, was tuned for each sample to get a complete perovskite
conversion with no unreacted CsBr in solution. All other
experimental conditions/post-treatments were the same as for
the “2-step conversion” samples.

Characterization

UV-visible spectra were registered with an Agilent Cary 5000 UV-
Vis-NIR spectrometer using 0.2 cm quartz cuvettes. Edinburgh
FLS 1000 UV/Vis/NIR photoluminescence spectrometer were
employed for steady-state and time-resolved photo-
luminescence (SSPL and TRPL) measurements. SSPL spectra
were collected exciting at 400 nm with a Xe lamp and using
a PMT-850 detector. TRPL decays were registered following the
time-correlated single photon counting (TCSPC) method, using
a pulsed laser diode at 402.6 nm and a high-speed PMT-850
detector. Absolute PLQY were measured using an integrating
sphere and exciting at 400 nm with a Xe lamp. All samples were
diluted to get 0.1 Abs at the excitonic peak wavelength. TEM
images were registered at 100 kV with a FEI TECNAI G2 electron
microscope. XRD patterns were recorded at room temperature

View Article Online
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with a BRUKER AXS D8 ADVANCE Plus diffractometer in Bragg-
Brentano geometry.

Results and discussion

EHS guidelines were followed to select the green solvents to be
used for LASiS (see Fig. S21).** Dielectric constant and relative
polarity were considered as main parameters to evaluate the
solvent- or antisolvent-like behavior towards perovskite nano-
crystals.”**® Aliphatic alcohols were chosen as class of non-
hazardous solvents. Methanol (MeOH), ethanol (EtOH), iso-
propanol (IPA), tert-butanol (TBA), tert-pentanol (TPA) and
triethyl carbinol (TEC) were selected to investigate a wide range
of dielectric constant and polarity, moving from the solvent- to
antisolvent-regime (see Fig. 1a). CsPbBr; NCs were synthesized
in these alcohols by following two different approaches, namely
2-step conversion and 1-step in situ synthesis (see Materials and
methods).

CsPbBr; NCs by 2-step conversion were obtained by mixing
a colloidal solution of PbBr, precursors NCs, synthesized via
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Fig.3 Comparison of (a) UV-Vis spectra, (b) steady-state PL emissions, and (c) time-resolved PL decays of CsPbBrz NCs synthesized by 1-step in
situ synthesis in different alcohols (PL profiles are normalized to the intensity of the respective absorption peak). The intensity-averaged lifetimes
reported in (c) were calculated by three-exponential fit of the respective PL decays, following previous indications (the reported values are

intensity-averaged lifetime values, see Fig. 3a).25353¢

© 2022 The Author(s). Published by the Royal Society of Chemistry
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511 517 18 0.37 2.67 12.90
TPA 510 515 17 0.34 3.50 19.32
TEC 510 515 16.5 0.42 2.74 16.25
510 514 16 0.31 3.55 25.22

* PL intensity quickly faded right after measurement

Fig. 4
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(a) Table summarizing the results of optical characterizations of CsPbBrz NCs by laser ablation in alcohols. The excitonic peak positions

(Absmax) observed in UV-Vis spectra, the PL emission wavelength (PLmax) and FWHM given by SSPL measurements, and the intensity-averaged
lifetime values (tayg) calculated by three-exponential fit of the TRPL decays are listed. Data related to CsPbBrs; NCs by the 2-step conversion
protocol are reported with light font. (b) PLQY values measured over time for the CsPbBrs NCs by 1-step in situ synthesis method in different

alcohols. All samples were kept in ambient conditions during aging.

laser ablation in alcohol (see Fig. S31), with an equimolar CsBr
solution in EtOH. A scheme summarizing the whole process is
reported in Fig. 2 with the TEM image of the synthesized
nanocrystals. The best results were obtained by exploiting the
alcohols with the lowest polarity and dielectric constant among
those investigated, namely TPA and TEC, getting perovskite NCs
with good optical and morphological properties. The typical
CsPbBr; perovskite excitonic peaks, around 515-520 nm, were
observed in the UV-Vis spectra (see Fig. S4at). Narrow and
intense PL emissions were registered in SSPL measurements,
while average PL lifetimes of 10.2 and 12.6 ns were estimated
from TRPL decays of NCs synthesized in TPA and TEC, respec-
tively (see Fig. S4b and ct). Cubic-shaped nanocrystals were
observed by TEM analysis in both samples (see Fig. S5t), with an
average size of 120-200 nm. Poor optical and morphological
properties were obtained with other solvents and particularly
with MeOH and EtOH, (see Fig. S4 and S57). The XRD analysis,
reported in Fig. 1b, confirmed the trend of optical and
morphological properties deteriorating as the polarity of the
alcohols employed for the synthesis increases.

A good crystallinity of orthorhombic CsPbBr; perovskite
phases were observed for the NCs synthesized in TPA and
TEC,*"** while unreacted precursors and Cs-Pb-Br non-
perovskite phases (e.g., CsPb,Br; (ref. 33 and 34)) were found
in MeOH and EtOH, with still some residuals in IPA sample.
The sharp double peaks observed for example at 15.1°, 21.5°
and 30.4°, show that we obtained the orthorhombic phase. The
peak at low angles indicated with an asterisk is for example
characteristic of the CsPb,Brs phase.****

CsPbBr; NCs obtained by the 1-step in situ synthesis
approach were produced during LASiS with CsBr already
present in the solvent before the ablation process (see Fig. S67).
Given the poor results obtained with CsPbBr; NCs by 2-step
conversion in MeOH and EtOH deriving from the different
results obtained with the ablation of PbBr, (see Fig. S4at), the 1-
step in situ synthesis approach was used with the other alcohols.

5012 | Nanoscale Adv, 2022, 4, 5009-5014

Compared to the 2-step samples synthesized in the same alco-
hols, the 1-step in situ syntheses showed important improve-
ments of many parameters. Sharp CsPbBr; excitonic peaks were
observed in the UV-Vis spectra (Fig. 3a). PL emissions signifi-
cantly increased in intensity (Fig. 3b) and long average PL life-
times were obtained from TRPL measurements, which
increased up to 12.5 and 17.9 ns in the case of CsPbBr; NCs
synthesized in TPA and TEC (Fig. 3c). A comparison between the
optical properties of 2-step and 1-step in situ samples is reported
in Fig. §7.7

Table in Fig. 4a summarizes all the optical characterization
results of CsPbBr; NCs. Both excitonic peaks and PL emissions
of the 1-step in situ perovskite showed a slight blueshift. This
observation is in line with results obtained with smaller nano-
crystals.*>® A more defined cubic shape of perovskite NCs was
also noticed by decreasing alcohols polarity, moving from IPA to
TEC, with an average size of 30-50 nm. A PLQY up to 15.5% was
measured for the orthorhombic CsPbBr; NCs synthesized in
TPA, showing a good quantum yield stability over several days in
ambient conditions (Fig. 4b).

The PLQY and lifetime values are consistent with previous
works on orthorhombic CsPbBr; nanocrystals,* proving the
good quality of the perovskite colloids synthesized with this
methodology. Despite the absence of any ligands in the CsPbBr;
NCs solutions obtained by LASiS, a good colloidal stability was
also observed in all samples. This is clearly related to the surface
charge induced by LASiS,*”** which produces high z-potential
values for the nanocrystals obtained by the 1-step in situ
synthesis (see Fig. S8t) and therefore a stronger coulomb
interaction among nanocrystals.

Conclusions

Laser ablation technique was used to produce colloidal solu-
tions of all-inorganic CsPbBr; perovskite nanocrystals in
commercially available branched alcohols. By selecting alcohols

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with low polarity and dielectric constant it is demonstrated that,
contrary to what is generally reported, orthorhombic CsPbBr;
nanocrystals can be synthesized at ambient conditions in this
class of eco-sustainable, low-toxic solvents. Two protocols were
used for the syntheses. The first protocol, called 2-step, is based
on the ablation of PbBr, and then the reaction of the obtained
PbBr, nanoparticles with CsBr, whereas the second one, called
1-step, is based on the reaction of the nanoparticles with CsBr at
the same time of the ablation of PbBr,. It is found that the
second protocol, the 1-step one, allows the synthesis of CcPbBr,
with better properties. Optimized samples showed good optical
and morphological properties, good crystallinity and colloidal
stability, intense and narrow PL emissions (FWHM down to 16
nm), long PL lifetimes (up to 17.9 ns), and good PLQY (up to
15.5%) which was stable over many days under ambient
conditions. High emissive nanocrystals with cubic symmetry**
will be considered as a further step of this study. These results
show that laser ablation in solution can be an effective alter-
native top-down method for the synthesis of ligand-free
CsPbBr; nanocrystals in “green” solvents at ambient condi-
tion, answering the call for more sustainable production and
processing of halide perovskite nanomaterials.
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