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A new route for the shape differentiation of
cesium lead bromide perovskite nanocrystals with
near-unity photoluminescence quantum yield+

Roberto Grisorio, (2 *@ Daniele Conelli,? Rosa Giannelli,? Elisabetta Fanizza, © ®¢
Marinella Striccoli, @ € Davide Altamura,® Cinzia Giannini,® Ignazio Allegretta,®
Roberto Terzano® and Gian Paolo Suranna®f

The ongoing interest in all-inorganic cesium lead bromide perovskite nanocrystals (CsPbBrs NCs) is
mainly due to their optical properties, in particular their high photoluminescence quantum yields (PLQYSs).
Three-precursor synthetic methods, in which the sources of the three elements (cesium, lead and
bromine) constituting the perovskite scaffold are chemically independent, often succeed in the achieve-
ment of near-unity PLQY perovskite NCs. However, this class of synthetic approaches precludes the
accessibility to crystal morphologies different from the traditional cuboidal ones. In order to upgrade
three-precursor synthetic schemes to obtain more sophisticated morphologies — such as the rods — we
propose a conceptually original synthetic methodology, in which a potentially controllable stage of the
reaction anticipates the fast crystallization promoted by cesium injection. To this purpose, lead oxide,
1-bromohexane (at different molar ratios with respect to lead) and the ligands (oleic acid and a suitable
amine) in 1-octadecene are reacted at 160 °C for an incubation period of 30 min before cesium injection.
During this stage, and at high CgH;3Br/PbO molar ratios, the bromide release from reactions between the
ligands and 1-bromohexane promotes the evolution of [PbBr, 1"~ species as well as of two-dimensional
[(RNH3)2(PbBry)l, structures a rod-like shape (aspect ratios ~10). These structures act as the templating
agents for the subsequent crystallization promoted by cesium injection, ensuring the formation of near-
unity PLQY nanorods in the presence of decylamine. Conversely, the pronounced decomposition of the
preformed [(RNH=z),(PbBry)l,, structures preludes the formation of near-unity PLQY nanocubes in the
presence of hexylamine. The amine choice exerts also an important role in the emission stability of the
corresponding NCs, since the nanocubes prepared in the presence of hexylamine maintain their near-
unity PLQYs up to 90 days under ambient conditions. In addition to the long-term PLQY stability, the
nanorods prepared with decylamine also exhibit a remarkable resistance to the presence of water, due to
a compact and hydrophobic organic shell passivating the NC surface. These findings can contribute to
the development of innovative synthetic methodologies for controlling the shape and stability of near-
unity PLQY perovskite NCs.

Introduction
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Lead halide perovskite nanocrystals (NCs) continue to receive
great attention from the scientific community due to their
high potential in different technological fields spanning from
lighting™” to photovoltaics.> Among the various lead halide
perovskite NCs, all-inorganic CsPbBr; nanoparticles* are being

‘Dipartimento di Scienze del Suolo, della Pianta e degli Alimenti,

Universita degli Studi di Bari “Aldo Moro”, Via G. Amendola 165/A, 70126 Bari, Italy
JCNR NANOTEC - Istituto di Nanotecnologia, Via Monteroni, 73100 Lecce, Italy
tElectronic supplementary information (ESI) available: Tables reporting the
reaction conditions and optical properties of the NCs synthesized for this
studies. Additional spectroscopic investigations: UV-vis spectra, NMR spectra
and TEM images. See DOI: 10.1039/d0nr04246¢

This journal is © The Royal Society of Chemistry 2020

deeply investigated for their narrow emission line widths and
potential near-unity photoluminescence quantum yields
(PLQYs).> However, the structural stability of lead halide per-
ovskite NCs is undermined by weak bonds between their
chemical constituents, exposing them to the formation of
defects.®” As a result, concerns are raised about the long-term
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1 stability of CsPbBr; NCs,® which is generally compromised by
the dynamic nature of their surface passivation® "
by the complexity of their organic/inorganic interfaces.
Regarding their crystalline defects, the most recurrent ones for
lead halide perovskite NCs are halide vacancies, which activate
the non-radiative pathways for the excited states in
nanoparticles."*'> For these reasons, relatively low PLQYs
(50-80%) are typically obtained for samples prepared under
lead-rich synthetic conditions dictated by the use of PbBr,
species as both the lead and halide source (the so-called two-
precursor method)."®'”  Conversely, the three-precursor
approach utilizes alternative bromide sources (such as
N-bromosuccinimide,'® benzoyl bromide,"® trimethylsilyl
. bromide,*® TOP-Br,,>" alkyl-ammonium bromides**** or ionic
liquids®*) and is chemically independent of the lead precursor,
commonly lead acetate or lead oxide. This approach warrants
the agreement of the theoretical stoichiometric ratio between
the individual elements composing the perovskite structure, a
requisite for the potential achievement of near-unity PLQY
emissive nanoparticles.?>*® To date, however, its main limit-
ation regards the achievement of highly emissive nanoparticles
endowed with morphologies (such as nanorods) more sophisti-
cated than that of the traditional nanocubes. This drawback
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might not be compatible with the effective circumstances gen-
erating highly luminescent NCs.*?

In order to circumvent this limitation, in this study we
propose a conceptually original synthetic approach, in which a
potentially controllable stage of the reaction anticipates the
fast crystallization promoted by cesium injection. To this
purpose, a mixture of lead oxide, 1-bromohexane and the
ligands (oleic acid and the suitable amine) in 1-octadecene
was incubated for 30 min before the injection of a warm
cesium oleate solution®® (Scheme 1). The release of bromide
anions®* (due to SN, reactions between the ligands and the ali-
phatic halide) under peculiar reaction conditions allowed the
morphological ~ control ~ of the  formed  rod-like
[(RNH;),(PbBr,)], structures, which partially retained their
shape, acting as templating agents for the subsequent nano-
crystal growth promoted by cesium injection. By suitably mod-
ulating the organic ligand composition and the combination
of the perovskite elements, this synthetic methodology
enabled the obtainment of near-unity PLQY and stable
CsPbBr; nanorods, near-unity PLQY nanocubes with different
dimensions and pure Cs,PbBrs nanoparticles.

25 originates from the lack of fundamental knowledge required Results and discussion
for the morphological control of the relevant perovskite NCs
prepared by the three-precursor approach. Commonly, the To appropriately exploit the potential of the proposed synthetic
assembly of anisotropic CsPbBr; NCs necessitates peculiar approach for obtaining CsPbBr; NCs, the first step was to
reaction conditions® > or slow reaction kinetics,”>*" which analyze carefully the reaction mixture before the injection of
30
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Scheme 1 Schematic representation of the synthetic protocol adopted
in the presence of 1-bromohexane as the halide source.
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for obtaining near-unity PLQY and stable CsPbBrz NCs and Cs;PbBrg NCs
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the cesium source, i.e. the solution obtained by mixing lead
oxide, oleic acid, oleylamine (OAM) and 1-bromohexane (from
3.0 to 6.0 equivalents with respect to lead) in 1-octadecene at
160 °C for a predetermined incubation time (30 min). The
"H-NMR characterization of the mixtures at different C¢H,;Br/
PbO molar ratios evidenced the formation of an ester and a
secondary amine (Fig. 1A), which are released as side products
of the SN, reactions between 1-bromohexane and the ligands,
generating the bromide ions necessary for the perovskite struc-
ture assembly (top left equations in Fig. 1). It is worth noting
how the validity of the proposed synthetic methodology is also
based on the fact that these side-products are ineffective as
passivating agents of the NC surface.’>*® In order to estimate
approximately the bromide availability in the reaction mixture
at the end of the incubation time, we compared the integrals
of the specific proton signals ascribable to the secondary and
primary amines. We observed a proportionality between this
signal ratio and the initial C¢H;3;Br/PbO molar ratio, thus con-
firming a correlation with the bromide availability at the end
of the incubation period. The UV-vis spectroscopic monitoring

C6H13Br ¥ RNH2 - R(CGH13)NHzBr
CoHy3Br + RCOOH + RNH, — R'COOCeH,; + RNH.Br

Paper

of the reaction course using 3.0 equivalents of 1-bromohexane
with respect to lead oxide revealed the bromide complexation
of Pb>* ions released by the formed lead oleate®” (top right
equations in Fig. 1). In fact, the appearance of a broad absorp-
tion band (located between 260 and 325 nm), which is absent
in the initial stage of the reaction, was consistent with the for-
mation of bromoplumbate species (prevalently PbBr, and
PbBr;7),*® while its temporal evolution confirmed the slow
release of bromide anions in the reaction mixture. The absorp-
tion tail at longer wavelength suggests also the plausible for-
mation of highly coordinated bromoplumbate species (PbBrs;*~
and PbBre*") which is in agreement with the absorption at
313 nm associated with the isolated PbBrg octahedra of the 0D
trigonal phase (Cs,PbBrs).*> The amount of these species
became prevalent upon increasing the CgH;3Br/PbO molar
ratio (from 4/1 to 6/1) as confirmed by the red-shift of the
absorption profile of the corresponding reaction mixtures
(Fig. 1C). In these cases, the scenario was completed by the
formation of hybrid organic-inorganic two-dimensional struc-
tures with the general formula [(RNH;),(PbBr,)],, which are

PbO + RCOOH — (R'COO),Pb + H,0

(R'CO0),Pb + (n+2) R(CgH13)NH,Br —
[R(CgH13)NH, "], [PbBr g, + 2R'COO-R(CgH,3)NH,*

Mb_%/\,k/\_/\ﬂ_ :g::: [(RNH,),(PbBr,)], i}

s ~—=10 min 9

B soeo-sn N A3 — -3

‘<ester secon‘dary‘. Q ——25min [N

3 amine e 30 min Q

ab Br/Pb=4/1 I"«.LlLf\\_./\_Jr\_ 28 BrPb=3/1 | Z

2 BriPb=4/1 | O

O DV A 2 ~——BrPb=5/1 | &

ih Br/Pb=3/1 M |||A . yJ\ Br/Pb=6/1 } §
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Chemical shift (ppm)

Wavelength (nm)
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Fig. 1 Top: Reactions occurring during the incubation time before cesium injection; top left: SN, reactions generating Br~ ions; top right: gene-
ration of Pb2* ions and subsequent formation of bromoplumbate species. (A) *H-NMR spectra (benzene-dg) of the mixtures containing lead oxide,
oleic acid, oleylamine and different amounts of 1-bromohexane in 1-octadecene, kept at 160 °C for 30 min. The plot highlights the characteristic
resonances of the ester (-CH,COOCH,-) and of the secondary amine (-CH,NH-) protons. The chemical shifts of other species present in the reac-
tion mixture are evidenced: A (—-CH,COOH of oleic acid), ¥ (-~CH,NH, of oleylamine), O (—~CH,Br of residual 1-bromohexane) and ¢ (-CONHCH,—
of the amide). (B) UV-Vis spectra evolution (0 — 30 min) of the mixture obtained using C¢H;3Br/PbO = 3/1. (C) Comparison between the absorption
spectra of the reaction mixture at different CgH;3Br/PbO ratios. (D—F) TEM images of the isolated [(RNH3),(PbBr,)], structures at different CgH3Br/

PbO molar ratios (4/1 — 6/1) after the incubation time period (30 min).

This journal is © The Royal Society of Chemistry 2020
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characterized by a peculiar absorption at 395 nm.*>*' Their
formation is due to relatively high concentration of PbBr,*~
species in the corresponding mixtures.

The isolation of the formed particles under these con-
ditions (see the Experimental section for details) enabled their
morphological characterization by transmission electron
microscopy (TEM). Square-shaped [(RNH;),(PbBr,)], structures
(length < 10 nm) were obtained at relatively low molar ratios
(C¢H13Br/PbO = 4/1, Fig. 1D), whereas rod-shaped structures
were generated under the reaction conditions determined by a
higher bromide availability (Fig. 1E and F). In particular,
when 6.0 equivalents of 1-bromohexane were used with
respect to lead oxide, the length (1.05 + 0.12 um) of the rod-
shaped structures was remarkably higher than their width
(0.11 + 0.02 pm). The aspect ratio (~10) of these structures
was similar to that observed for the particles obtained
with CgH,3Br/PbO = 5/1. The anisotropic growth of
[(RNH;),PbBr,], structures in the case of high C¢H,;3;Br/PbO
molar ratios can be explained by the uncommon proportion
between lead and bromide amounts during the incubation
stage. A morphological modulation of [(RNH;),PbBr,], struc-
tures was thus achieved by considering, however, that the sub-
sequent cesium injection followed by crystallization could
unpredictably lead to further modifications, the crystal for-
mation being simultaneously initiated by nucleation of bro-
moplumbate species.*

On these premises, a systematic modulation of the reaction
conditions in terms of the molar proportion between the three
constituting elements was carried out with the aim of studying
its effect on the emission quality and efficiency, phase purity
and morphology of the relevant perovskite NCs (Experimental
section). The synthetic conditions were further modulated by
modifying the chain length of the aliphatic amine, namely by
using oleylamine (OAM), decylamine (DAM) and hexylamine
(HAM), as summarized in Tables S1-3.1 We realized that the
search for the optimal reaction conditions leading to near-
unity PLQYs with our protocol requires an appropriate combi-
nation of the synthetic variables, and that the task is further
complicated by the concomitant formation of the 0D trigonal
phase (Cs,PbBr,).*> The synthetic conditions yielding nano-
particles exhibiting a near-unity PLQY without concomitant
formation of the 0D-phase (NP6, NP20 and NP22) and that
resulting in a pure 0D-phase (NP21) are described in Table 1
and their spectroscopic, morphological and structural investi-
gations are reported in Fig. 2.

Table 1 Reaction conditions and properties of the main NCs of this study

Nanoscale

When OAM was used as the base (NP6, Table 1), the con-
ditions for achieving a near-unity PLQY with a narrow emis-
sion profile (fwhm = 19 nm, Fig. 2A) were found by generating
a slight stoichiometric excess of bromide ions with respect to
lead and by using a low cesium-to-lead molar ratio, in agree-
ment with the previous studies.'®'® The optical investigation
of the obtained nanoparticles in this set of experiments
(NP1-16, Fig. S1-4}) evidenced no direct correlation between
the PLQY and the CgH3Br/PbO molar ratio. This result
suggests that the avoidance of structural defects (i.e. halide
vacancies) during the building-up of the perovskite structure
was independent of the bromide availability.**** In addition,
the situation was complicated by the co-formation of Cs,PbBr
NCs (characterized by a distinct peak at 314 nm in their
absorption spectrum) at relatively high cesium-to-lead ratios,
whereas the formation of layered structures (the so-called 2D
structures) was favored at relatively low cesium-to-lead ratios.
While the high cesium availability could explain the formation
of lead-poor perovskite structures (Cs,PbBrg), the competition
between cesium and oleylammonium ions for the same lattice
sites elucidates the formation of layered structures at relatively
low cesium-to-lead molar ratios.***’

To explore the viability of the proposed synthetic route for
obtaining more sophisticated morphologies, the effects of the
amine length was investigated only under the conditions deter-
mined by the highest C4H;3Br/PbO molar ratio, while the
cesium-to-lead molar ratio was systematically increased from
1/4 up to equimolarity (Tables S2 and S31). The molar
amounts of decylamine (DAM) and hexylamine (HAM) used
for OAM were the same. In the case of DAM as the base
(NP17-20, Table S27), near-unity PLQYs were achieved with the
sample prepared with an equimolar cesium-to-lead ratio
(NP20, Table 1). Its fluorescence also exhibited a relatively
narrow emission profile (fwhm = 18 nm, Fig. 2B). Intriguingly,
what clearly emerges from the optical characterization of the
NCs synthesized using DAM (Fig. S5, Table S27) is the presence
of the residual [(RNH;),(PbBr,)], structures in NP17-19
samples, which suggests their active role in the formation
process of these nanoparticles. Conversely, in the case of NCs
obtained in the presence of HAM (NP21-24), we observed the
propensity to the formation of the 0D trigonal phase with the
exception of NP22 (Fig. S6, Table S31). While we were also able
to obtain the pure non-emissive Cs,PbBrs NCs (NP21, Fig. 2C),
a slight increase in the cesium-to-lead molar ratio (up to 1/3)
led to the formation of a sample (NP22) completely deprived

Sample ~ Amine®  Cs/Pb  Br/Pb  Shape” Elemental composition®  Size (nm) PL (nm)  fwhm (meV)  PLQY (%)
NP6 OAM 1/3 an Cube Cs;.5Pb; Brso 7.0 £1.0 512 92 ~100
NP20 DAM 11 6/1 Rod Cs1.3Pb; oBIy 3 15.2+2.4% 510 89 ~100
NP21 HAM 1/4 6/1 Rhombohedron Cs4.4Pb, oBrs 4 17.4+2.5 — — —

NP22 HAM 1/3 6/1 Cube Cs1..Pb; oBrs, 13.0+1.5 515 81 95

“OAM = oleylamine, DAM = decylamine, and HAM = hexylamine. ” Obtained by transmission electron microscopy. ° Measured by energy disper-

sive X-ray analyses. ¢ Nanorod width.

4 | Nanoscale, 2020, 00, 1-1
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Fig. 2 UV-Vis absorption and PL spectra of NP6 (A), NP20 (B), NP21 (C) and NP22 (D) recorded in hexane. TEM images of NP6 (E), NP20 (F), NP21
(G) and NP22 (H). XRD (coupled 6/20 scan) patterns of NP6 (I), NP20 (J), NP21 (K) and NP22 (L) along with the reference bars for the orthorhombic

CsPbBr3 (ICSD-97851) and trigonal Cs4PbBrg (ICSD-25124) phases.

of the trigonal phase; its fluorescence exhibited a relatively
narrow emission profile (fwhm = 17 nm, Fig. 2D) with a near-
unity PLQY (95%).

Transmission electron microscopy (TEM) measurements
revealed the formation of nanorods only in the case of NP20
(length = 149.9 + 35.6 nm, width = 15.2 + 2.4 nm, and aspect
ratio = 10), as shown in Fig. 2F. Conversely, we observed the
formation of nanocubes in the case of NP6 and NP22 (Fig. 2E
and H, respectively), with the latter exhibiting larger average
sizes (13.0 + 1.5 nm) than the former (7.0 + 1.0 nm). The
achievement of NP22 could be interpreted as a benefit for the
proposed synthetic protocol, because it is possible to modify
the sizes of desired nanocubes while maintaining their near-
unity PLQYs. In the case of NP21, the morphological character-
ization confirmed the sole formation of the 0D trigonal phase
(Fig. 2G).

The elemental compositions of the samples summarized in
Table 1 were investigated by using a field emission gun scan-
ning electron microscopy (FEG-SEM) coupled with energy dis-
persive X-ray spectroscopy (EDX). The relevant results evi-
denced that the formal stoichiometry of the CsPbBr; structure
is observed in the case of NP6 and NP22, while the proportion
between the elements is in agreement with the formal stoi-
chiometry of the Cs,PbBrg structure in the case of NP21. In
contrast, the experimental Br/Pb ratio (2.3) strongly suggests a
Pb-rich surface of NP20, which, at the same time, is yet compa-

This journal is © The Royal Society of Chemistry 2020

tible with high emission efficiencies.**>° It is plausible that
the Pb-rich surface is a consequence of the equimolar cesium-
to-lead ratio used for its preparation. Nevertheless, the NOESY
spectrum of NP20 (Fig. S71) confirmed that its surface is passi-
vated by oleic acid and decylamine, as indicated by the appear-
ance of negative cross-peaks which can be attributed to the
peculiar resonances of these two species.”' >’

XRD patterns obtained in coupled (6/26) scan mode are
reported in Fig. 2I-L, and they clearly show the presence of
preferred orientations (induced by the flat substrate on the an-
isotropic NCs), based on the comparison with the superim-
posed reference peak intensities. The last were confirmed by
fitting the XRD patterns obtained at a small (5°) fixed inci-
dence angle, showing more powder-like features and complete-
ness of data (Fig. S8t). It should be noted that data in Fig. 2I-L
were rescaled for graphical reasons, leading to a significant
enhancement of the broad peak at around 20° for sample
NP20 (Fig. 2]J); when normalizing all data to the collection
time (not shown), it can be recognized that the scattering
intensity of the amorphous component in sample NP20 is only
slightly larger than that in the other samples, while the inten-
sity of the Bragg peaks is significantly smaller. The smaller
diffraction intensity is likely affected by the preferred orien-
tation of rods with their long axis parallel to the substrate
plane, which implies that the intense reflections corres-
ponding to a scattering vector oriented parallel to the long axis

Nanoscale, 2020, 00,1-11 | 5

10

20

30

40

9]
(92



9]

10

30

w
[4)]

40

[42]
9]

Paper

of the rod can hardly fulfill the Bragg condition in 6/26 scan
mode. The relative intensity of the broad peak is indeed
reduced in the measurements at grazing incidence (Fig. S87),
where the Bragg peak around 15° is enhanced instead. The
broad peak (~20°) evident in the XRD pattern of NP20 and
ascribed to a larger scattering contribution from the capping
ligands is possibly due to unwashed organic residues found in
the sample. A Le Bail whole-pattern fitting was performed by
using the Rietveld program package QUANTO.>*>° All samples
were found to consist of a single crystalline phase: ortho-
rhombic (Pbnm) CsPbBr; in the case of samples NP6, NP20,
and NP22 (cell parameters: a = 8.21 A, b = 8.25 A, ¢ = 11.76 A,
and a = =y = 90°), and trigonal Cs,PbBrg (R3¢) in the case of
sample NP21 (cell parameters: a = b = 13.73 A, c = 17.32 A, a =
B =90°, and y = 120°).

Concerning the morphologies of the NCs exhibiting near-
unity PLQYs, it is apparent that what differentiated crystal evol-
ution in our reactions is the suitable combination between the
perovskite elements and the choice of the amine. Since
attempts to slow down the crystallization rate could not be
representative of the actual conditions generating highly lumi-
nescent NCs, a plausible reaction pathway could be deduced
by comparing pre- and post-injection chemistry.

In the case of relatively low C¢H;3Br/PbO molar ratios (i.e.,
the conditions leading to the formation of NP6 nanocubes),
we can admit that the nucleation of poorly coordinated bromo-
plumbate species could be competitive with the growth of
square-shaped [(RNH;),PbBr,], structures acting as templating
agents (Fig. 3A). In the case of NP6, the intercalation of cesium
into the small square-shaped [(RNH;),PbBr,], structures does
not interfere with the conventional nucleation stage on the
final distribution of the symmetrical 3D cubes, being the
dimensions of the templating agents comparable with those of
the final nanoparticles (Fig. 3A). This reaction pathway is sup-
ported by the fact that [(RNH;),PbBr,], structures are endowed
with a peculiar absorption peak (4 = 395 nm), which makes
them easily discernible by the optical characterization of the
isolated NCs. In the absence of this absorption peak, one can
conclude that the preformed [(RNH;),PbBr,], structures are
actually involved in the crystal formation acting as templating
agents after the cesium injection step. The near-unity PLQY
can be obtained for NP6 as a result of the subtle interplay
between the three perovskite elements, which avoids the intro-
duction of structural defects during the fast nucleation and
crystallization stages.

In the case of relatively high C¢H;3;Br/PbO molar ratios, the
rationalization of the reaction pathway leading to the final
morphology of NP20, NP21 and NP22 must take into account
the initial presence of large rod-like [(RNH;),PbBr,], struc-
tures. In the case of NP20, it can reasonably be stated that its
final morphology was consequent to the fragmentation and
subsequent growth of [(RNH;),PbBr,], structures, from which
the nanorods molded their shapes (Fig. 3B). In fact, the
observed nanorods in NP20 were relatively smaller than the
corresponding [(RNH;),PbBr,], structures. Fragmentation
should be promoted by the addition of Cs" ions to large two-

6 | Nanoscale, 2020, 00, 1-11
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dimensional structures, destabilizing them by partial removal
of organic cations from their surface.’® Under conditions in
which the growth of [(RNH;),PbBr,], structures was limited by
the relatively low Cs/Pb molar ratios (for example NP19,
Table S17), the presence of residual large rod-like structures
was spectroscopically detected (Fig. S5t) and was further con-
firmed by TEM investigations (Fig. S91). While the organic
shell governs the fragmentation process, the selective growth
of new smaller rod-like structures occurred without the simul-
taneous nucleation of highly coordinated bromoplumbate
species (prevalent at high C4H;;Br/PbO molar ratios), which
should lead to the concomitant formation of nanocubes. The
scarce reactivity of highly coordinated bromoplumbate species
towards cesium ion intercalation can be explained by consider-
ing their countercations (secondary ammonium ions, see top-
left equations in Fig. 1) formed by the secondary amines
which, being more basic than primary amines, sequestrate the
protons generated by the SN, reactions during the incubation
stage. Although not involved in the surface passivation of
CsPbBr; NCs, the secondary ammonium ions tune the reactiv-
ity of bromoplumbate. The scarce reactivity of highly co-
ordinated bromoplumbate species can therefore be rational-
ized by considering the high steric encumbrance of the sec-
ondary ammonium ions, hampering their nucleation.

In the presence of HAM at high C¢H;3;Br/PbO molar ratios,
large [(RNH;),PbBr,], templating agents decompose into small
square-shaped intermediate structures leading to the for-
mation of nanocubes (Fig. 3C). It is reasonable to suppose that
the stability of rod-like intermediate structures is severely com-
promised by the weaker inter-ligand interactions within their
organic passivating shell, due to the shorter HAM chains with
respect to their DAM counterparts, which, in contrast, sustain
the existence of larger asymmetric two-dimensional structures
in the course of the crystallization stage.

With this in mind, we can rationalize the production of
cuboid shaped particles in the case of NP22 with the growth of
these generated small structures, while the evolution of
Cs,PbBrs rhombohedrons (selectively observed in the case of
NP21) depends on the cesium-to-lead molar ratio. In fact, the
lower steric encumbrance of HAM could promote the
depletion of lead from the formed CsPbBr; NCs thus inducing
the 3D — 0D transformation.>” To substantiate our interpret-
ation of the reaction mechanism at high C¢H;3Br/PbO molar
ratios, we carried out TEM investigations also on a sample pre-
pared in the presence of OAM (NP8, Table S17). In this case
(Fig. S107), we observed the co-presence of nanocubes and
nanorods, as a result of uncontrolled fragmentation of the pre-
formed [(RNH;),PbBr,], structures. Probably, the cis-configur-
ation of the double bonds in OAM increases the free volume
between the components of the organic shell, making the
large rod-like growing structures unstable.

Next, we investigated the role of the ligand composition in
the stability of the obtained near-unity PLQY NCs, which is the
biggest issue afflicting colloidal all-inorganic perovskite nano-
particle dispersions when stored under ambient conditions.
This drawback is due to the feeble NC surface passivation by
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the organic ligands combined with the disaggregation of the
perovskite ionic structure mainly induced by moisture.
Therefore, we deemed it worthwhile to investigate the optical
stability of our near-unity PLQY nanoparticles by measuring
the PLQYs of their dispersions stored under ambient con-
ditions as a function of time. As shown in Fig. 4, the PLQY be-
havior of the nanoparticles was monitored over 90 days,
during which the dispersions retained their colloidal stability.
However, NP6 showed a significant drop in its emission
efficiency (Fig. 4A), while the residual PLQY of NP20 and NP22
after 90 days was 98% in both cases (Fig. 4B and C). The lower
optical stability exhibited by NP6 resulted from the irreversible
dissociation of oleylammonium bromide from the NC surface,
which inevitably introduces halide vacancies within the pris-
tine crystal lattice, thus reducing the initial PLQY. We suppose
that the higher propensity towards the ligand decoordination
at the organic/inorganic interface of NP6 could be explained

This journal is © The Royal Society of Chemistry 2020

by the necessity of reducing the steric congestion within the
organic shell passivating the NC surface. This tendency is
more pronounced in the case of NP6 than in the case of the
other two perovskite NCs, due to the greater steric encum-
brance of the longer chain amine (OAM).

Along with the long-term PLQY stability, the resistance
against humidity was also ascertained for NP20 and NP22 by
recording the time evolution of their emission spectra in a
hexane/water (2/1 vol/vol) mixture, conditions greatly accelerat-
ing the moisture-induced perovskite decomposition. As shown
in Fig. 4D, the green emission was maintained during the
whole process in the case of NP20. Although the PL intensity
gradually dropped, 76% of the initial PL intensity was retained
after 24 hours, thus confirming the significant stability of
NP20. In striking contrast, the green emission became very
weak after 1 hour and completely disappeared in 24 hours for
NP22 (Fig. 4E). The higher hydrophobicity of the longer ali-
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phatic chain of DAM could be held responsible for the better
resistance of NP20 against the water-induced decomposition.

Conclusions

In this study, we proposed a conceptually original synthetic
approach, in which a potentially controllable stage of the reac-
tion anticipates the fast crystallization promoted by cesium
injection. To make this possible, a mixture of lead oxide, 1-bro-
mohexane (at different molar ratios with respect to lead) and
the ligands (oleic acid and a suitable amine) in 1-octadecene
was incubated for a period of 30 min before the injection of a
warm cesium oleate solution. During this stage, the bromide
ion release from reactions between the ligands and 1-bromo-
hexane promoted the evolution of bromoplumbate species as
well as two-dimensional [(RNH;),(PbBr,)], structures with rod-
like shapes at high C¢H;3Br/PbO molar ratios. The fine modu-
lation of the reaction conditions permitted these preformed
structures to act as templating agents for crystallization
induced by cesium injection, ensuring, in the presence of
decylamine, the direct formation of nanorods (aspect ratio
~10) endowed with near-unity PLQY. Under the other synthetic
conditions systematically investigated in this study, near-unity
PLQY nanocubes with different sizes were obtained by the sim-
ultaneous nucleation of individual bromoplumbate species (in
the presence of oleylamine) or by decomposition of the pre-
formed [(RNHj;),(PbBr,)], structures (in the presence of hexyla-
mine). Furthermore, hexylamine also enabled to obtain the
pure Cs,PbBre trigonal phase, which selectively emerged by

8 | Nanoscale, 2020, 00, 1-11

using suitable Cs/Pb molar ratios, thus widening the scope of
the proposed synthetic approach. The amine chain length
exerted also an important role in the emission stability of the
corresponding NCs, since only the nanocubes prepared in the
presence of hexylamine maintained their PLQYs. In addition
to the long-term stability (residual PLQY = 98% after 90 days
under ambient conditions), the oleic acid/decylamine combi-
nation endowed the corresponding nanorods with a remark-
able stability in contact with water, due to the hydrophobicity
of the formed organic shell. These results could inspire the
development of new synthetic methods for controlling the
shape and stability of CsPbBr; NCs while maintaining their
high emission efficiency.

Experimental section

Chemicals

Cesium carbonate (Cs,COs, 99.9% metals basis, Alfa Aesar),
lead oxide (PbO, 99.999% metals basis, Aldrich), 1-bromohex-
ane (98%, Aldrich), oleylamine (OAM, technical grade 70%,
Aldrich), decylamine (DAM, 95%, Aldrich), hexylamine (HAM,
99%, Aldrich) oleic acid (OLA, technical grade 90%, Aldrich),
1-octadecene (ODE, technical grade 90%, Aldrich), n-hexane
(Aldrich, HPLC grade).

Synthesis of CsPbBr; NCs

The perovskite nanocrystal syntheses were performed under a
nitrogen flow using standard Schlenk techniques. The cesium
oleate solution was prepared as follows: Cs,CO; (0.407 g,

This journal is © The Royal Society of Chemistry 2020
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1.25 mmol), OLA (1.55 mL, 4.91 mmol) and ODE (20 mL) were
mixed in a 50 mL Schlenk tube and kept under vacuum for
1 hour at 120 °C; after the complete solubilization of the salt,
the tube was filled with nitrogen and kept at 120 °C for the
subsequent injection. To a 50 mL Schlenk tube, ODE (7.5 mL),
lead oxide (85.2 mg, 0.g, 0.38 mmol), oleic acid (1.0 mL),
amine (3.0 mmol) and 1-bromohexane (160, 213, 266 or
320 pl) were added and the mixture was heated at 160 °C. A
complete solubilization of the reactants was observed within
5 min followed by the formation of a white precipitate. The
reaction was prolonged for 30 min at constant temperature,
followed by injection of the Cs-oleate solution (0.8-3.2 mL).
After 10 s, the reaction mixture was cooled in an ice bath. The
crude solution was centrifuged at 4000 rpm for 40 min. The
supernatant containing unreacted precursors was discarded
and the obtained precipitate was dispersed in hexane (1.2 mL).

Isolation of [(RNH;),(PbBr,)], structures

ODE (7.5 mL), lead oxide (85.2 mg, 0.g, 0.38 mmol), oleic acid
(1.0 mL), oleylamine (1.0 mL) and 1-bromohexane (160, 213,
266 or 320 pl) were added to a 50 mL Schlenk tube and the
mixture was heated at 160 °C. After 30 min, the mixture was
cooled in an ice/water bath, centrifuged and the obtained pre-
cipitate was dissolved in hexane for the morphological charac-
terization. The course of the reaction carried out with the
lowest CqH;3Br/PbO ratio was spectroscopically monitored by
sampling small aliquots of the mixture at specified reaction
times and dissolving them in hexane for further analysis.

Optical characterization

UV-vis absorption spectra were obtained using a Jasco V670
spectrometer operated in transmission mode. The absorption
spectra were recorded for NC solutions exhibiting a relatively
low absorbance (~0.1) at the excitonic peak. Steady-state
photoluminescence (PL) spectra of the same solutions were
acquired using a Varian Cary Eclipse instrument. The
quantum yields were determined by using fluorescein as the
standard, according to the literature procedures.>®

Transmission electron microscopy (TEM) characterization

TEM micrographs were taken using a JEOL JEM1011 microscope,
operating at an accelerating voltage of 100 kV. The instrument
was equipped with a tungsten electron source, and a high-
resolution CCD camera. Samples for TEM analysis were pre-
pared by dipping the carbon-coated copper grid into the
NC cyclohexane solution diluted with anhydrous n-hexane.
Statistical size analysis (NC average size and standard devi-
ation) was performed by using a freeware image analysis appli-
cation (AxioVision); sizes of not less than one hundred nano-
particles were measured for each sample.

FEG-SEM-EDX

Elemental analyses were performed using a field emission gun
scanning electron microscope (FEG-SEM) Zeiss Xigma 300 VP
(Zeiss Oberkochen, Germany) equipped with an energy disper-
sive spectrometer (EDX) C-MaxN SDD with an active area of
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20 mm® (Oxford Instruments, Oxford, United Kingdom). NC
solutions in cyclohexane were deposited on aluminum stubs
coated with a pure graphite tape. Analysis was carried out at 15
kV using a 7.5 mm working distance at a 1000x magnification.
The data accuracy was checked against standards by MAC
(Micro-Analysis Consultants Ltd, United Kingdom).

X-ray diffraction

XRD data were collected both in coupled sample-detector (6/
26) scan mode and in detector (26) scan mode at a 5° inci-
dence angle, by using a Bruker D8 Discover equipped with a
Cu source (Ka line), a Gobel mirror, and a scintillation point
detector.

Nuclear magnetic resonance

'H-NMR spectra were recorded on a Varian 500 MHz spectro-
meter. All chemical shifts were referred to the non-deuterated
benzene residue signal at § 7.16 ppm. The nuclear Overhauser
effect spectroscopy (NOESY) spectra were acquired using a
300 ms mixing time.
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