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A novel synthesis of hybrid organic—inorganic lead halide perovs-
kite nanocrystals (CHzNHzPbX3, X = Br or ) that does not involve
the use of dimethylformamide or other polar solvents is presented.
The reaction between methylamine and PbX; salts is conducted in
a high-boiling nonpolar solvent (1-octadecene) in the presence of
oleylamine and oleic acid as coordinating ligands. The resulting
nanocrystals are characterized by high photoluminescence
quantum efficiencies of 15-50%, outstanding phase purity and
tunable shapes (nanocubes, nanowires, and nanoplatelets). Nano-
platelets spontaneously assemble into micrometer-length wires by
face-to-face stacking. In addition, we demonstrate amplified spon-
taneous emission from thin films of green-emitting CHsNHzPbBrs
nanowires with low pumping thresholds of 3 uJ cm™2.

In the past few years, a great deal of attention has been
devoted to hybrid lead halide semiconductors with a perovs-
kite crystal structure, generically described by the formula
ABX; (where A is an organic or inorganic cation, B is a metal
cation in the octahedral coordination state and X is a halogen
anion). Such compounds exhibit outstanding optoelectronic
properties in the form of thin films, microcrystals and bulk
single-crystals." > Initial motivation to investigate these
materials arose from the demonstration of solution-cast, in-
expensive solar cells with certified power conversion effici-
encies exceeding 20% (NREL efficiency chart, http://www.nrel.
gov)."*">  Subsequently, other perovskite-based opto-
electronic devices were demonstrated — sensitive solution-cast
photodetectors operating in the visible,'®™® ultraviolet'**° and
X-ray*! spectral regions and light-emitting diodes** > - which
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all harness the unique defect-tolerant photophysics of these
lead halide compounds.

The research landscape with respect to perovskites has also
recently extended to the nanoscale, where quantum-size
effects and the benefits of the colloidal state and shape engi-
neering can be expected, stimulating efforts on the synthesis
of supported and colloidal nanostructures of hybrid'"*”~*° and
fully inorganic perovskites.*"*> When compared to more con-
ventional CdSe-based nanocrystals (NCs), perovskite NCs
exhibit a number of unique properties such as high photo-
luminescence (PL) quantum yields (up to 90%) without the
need for additional electronic passivation by adding a wider-
gap shell (e.g. CdSe/CdS and CdSe/ZnS NCs), and novel forms
of chemical tunability such as by deliberately partial or com-
plete anion-exchange reactions.’***** Concerning hybrid
organic-inorganic perovskite NCs, all reported colloidal pro-
cedures to date feature a common strategy, initially outlined by
Pérez-Prieto et al.:*° the lead halide source and alkylammo-
nium halide are dissolved in a “good” solvent (e.g. highly
polar, that dissolves salts), usually dimethylformamide (DMF),
and then injected into a “poor” (nonpolar) solvent such as
toluene or 1-octadecene (ODE), containing surfactants, usually
oleic acid (OA) and oleylamine (OAm). The subsequent for-
mation of perovskite NCs proceeds primarily due to the lower
solubility caused by the large amount of a nonpolar solvent.
Highly polar DMF is also commonly used as the solvent for
preparing supported, layered perovskite nanostructures.***’

An alternative synthesis route, that is primarily based on
ionic metathesis and does not involve polar solvents, was deve-
loped by our group for the synthesis of fully inorganic cesium
lead halide NCs (CsPbX; where X = Cl, Br or 1).*»** Cesium
oleate as the Cs' source is injected into a solution of PbX, in
ODE containing long-chain capping ligands (an OAm/OA
mixture). PbX, thus serves as both the Pb** and X~ source,
releasing Pb-oleate as a by-product. In this communication, we
extend this ionic metathesis approach to hybrid perovskites,
by replacing Cs-oleate with methylamine. The proton needed
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to form CH3;NH;" is then provided by OA, and the overall reac-
tion is described as follows (see the ESI,T for experimental
details; X = Br or I):

2CH,NH,
+ RT-100°c _ 2CH;NH;PbX; (NCs)
2RCOOH —> *
| OAM/OA/ODE Pb(RCOO),
3PbX,

A 2M solution of methylamine (CH3;NH,) in tetrahydrofuran
(THF) was combined with OA and injected into a vigorously
stirring solution of PbX, in ODE/OAm/OA mixture, causing the
formation of NCs within seconds. This synthesis allows for the
preparation of uniform, phase-pure colloidal NCs, completely
free of any insoluble or microscopic products, with high reac-
tion yield (40-70%) and retention of chemical and colloidal
integrity for at least three months. The same approach has not
been successful in the case of CH;NH;PbCl;.

CH3N H3Pb|3 NCs

To achieve a high overall reaction yield, a minimal amount of
the OAm/OA ligand mixture, just sufficient to solubilize Pbl,,
must be used. The CH;NH, precursor solution is injected at
55 °C, immediately producing a stable, dark-brown colloid of
cubic ~10 nm NCs. The UV-Vis absorption and photo-
luminescence (PL) spectra of CH;NH;PbI; NCs (Fig. 1) exhibit
an absorption band edge at ~750 nm, which is blue-shifted by
30-50 nm compared to the bulk material,'® due to quantum-
size effects originating from the large exciton Bohr radius. PL
quantum yields are typically 20-30%. Importantly, the powder
X-ray diffraction (XRD) pattern can be indexed as pure tetra-
gonal CH;NH;PbI;, with a line-width consistent with a mean
particle size of ~10 nm (Fig. 1c). Higher reaction temperatures
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of up to 100 °C lead to platelet-like CH3;NH;PbI; NCs (see
Fig. S1}). By varying the ratio of OAm to OA, various other
shapes such as smaller dot-like NCs and nanowire
morphologies can be produced, but with suboptimal shape-
and phase-uniformity (see Fig. S17).

CH3NH3PbBr3 NCs

PbBr, is observed to react slower, yet with nearly quantitative
reaction yield. By adjusting the amount of OAm, this novel syn-
thesis selectively yields either blue-emitting square nanoplate-
let-like NCs (Fig. 2a, b and e) or green-luminescent nanowires
(Fig. 2¢, d and f). The XRD patterns can be indexed as pure
orthorhombic CH;NH;PbBr;. These 35 + 5 nm square-shaped
nanoplatelets exhibit an absorption peak at ~450 nm and a
single PL emission peak at 465 nm, with a quantum yield (QY)
of 18% and a full width at half maximum (FWHM) of 19 nm.
CH;NH;PbBr; nanowires (10 x 100 nm?®) exhibit a narrow PL
emission peak at 532 nm, with a QY of 15% and a FWHM of
22 nm. Bright emission is also retained in the solid state, as
can be seen for thin films of nanoplatelets and nanowires
encapsulated between two plastic films and stored in air for
several months (Fig. 2e and f, taken under ultraviolet illumi-
nation, 1 = 365 nm).

The formation of layered lead bromide perovskites, closest
analogues to our nanoplatelets, was a subject of numerous
recent studies.?®?$3*3746749 1y guch structures, optical pro-
perties are largely determined by the quantum confinement
caused by small thicknesses of just a few nanometers. XRD
experiments confirm that the individual colloidal nanoplate-
lets comprise the perovskite CH;NH;PbBr; structure and, from
TEM, they are ~5 nm in thickness. Right after synthesis,
CH;NH;PbBr; nanoplatelets form stable colloidal solutions in
toluene. TEM samples obtained from highly dilute samples
illustrate separated, flat-lying platelets (see Fig. 3). Upon
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Fig. 1 Colloidal CH3sNHzPblz NCs: (a) optical absorption and PL spectra measured in toluene, (b) transmission electron microscopy (TEM) image
and (c) powder X-ray diffraction (XRD) pattern (measured, red), along with the simulated pattern of bulk, tetragonal CH3NHzPbls from the ICSD data-

base (card number 250739, black).
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Fig. 2 Colloidal CHzNH3PbBrs NCs (nanoplatelets and nanorods): (a, c) optical absorption and PL spectra measured in toluene; (b, d) TEM images;
(e, f) photographs of thin films of blue-emitting nanoplatelets and green-emitting nanorods, taken under UV radiation; (g) XRD patterns (measured,
blue and green) along with the simulated pattern of bulk, orthorhombic CH3zNH3PbBrs. Blue and green curves correspond to nanoplatelets and

nanorods, respectively.
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Fig. 3 Self-organization of CHsNHzPbBr; nanoplatelets: from individual platelets to the stacking into wire-like structures, followed by bunching of

wire-like superlattices.

evaporation or simply by storing concentrated dispersions, a
light-yellow precipitate of wire-like superlattices is formed by
face-to-face stacking of nanoplatelets (see Fig. 3). Oftentimes
this self-organization involves the entire ensemble. We hypo-
thesize that these superlattices are, in fact, analogues of
Ruddlesden-Popper perovskite phases. Thin layers of

6280 | Nanoscale, 2016, 8, 6278-6283

CH;NH;PbBr; are separated by oleylammonium cations,
leading to an overall superlattice composition of (oleyl-
NH3;),(CH3NH3),—1Pb,Brs,.1, where n is the number of unit
cells in the perovskite-like slab whose limits correspond to a
fully 3D lattice of CH;NH3PbBr; (at n = o0) and a single-layer
2D lattice of (oleyl-NH3),PbBr, (at n = 1). XRD reflections at 26
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values of 11.5° (d = 7.68 A) and 13.44° (d = 6.58 A) (Fig. 2g),
both corresponding to distances larger than the unit cell
(5.93 A), indicate a superlattice spacing of ~54 A, fully consist-
ent with TEM data.

From the absorption peak position of ~450 nm, we estimate
a value of n = 3 based on previous studies of layered lead
bromide perovskites.?”*> The inter-slab distance of 54 A can
thus be interpreted as the sum of two oleylamine molecules
and three unit cells of a perovskite slab. Note that bulk, fully
3-dimensional CH3;NH;PbBr; is luminescent with PL at
~570 nm,'® while fully 2-dimensional (RNH;),PbBr, com-
pounds emit at 400-420 nm.**

Stability and durability of CHzNHzPbX5
NCs

Colloidal lead halide perovskites are much more chemically
labile than more conventional colloidal quantum dots of
metal chalcogenides.’® The comparison of CH;NH;PbX; NCs
against CsPbX; NCs (as in our recent study®') demonstrates
the much lower stability of the former. All characterization pre-
sented in this communication concerning CH;NH;PbX; NCs
was conducted on rather “dirty” samples, as for example those
precipitated from the crude solution and redispersed in
toluene. Additional purification steps, conducted either in air
or under an inert-gas atmosphere, had always led to decompo-
sition of the NCs. Non-purified samples, in contrast, can main-
tain their bright PL for weeks or months after synthesis.
Clearly, a large excess of capping ligands is required to
maintain the chemical integrity of CH;NH3PbX; NCs. Humid-
ity is a factor contributing to the severe instability of
CH;NH;PbX;,>" causing the release of CH;NH, or Pbl,, or
even the formation of (CH3;NHj;),Pbls-2H,0.%* Satisfactory
retention of the chemical integrity of MAPbX; NCs in the pres-
ence of an excess of ligands, despite inherently high surface-
to-volume ratios, can be ascribed to the highly hydrophobic
nature of the capping layer. Another source of instability is the
low energy of formation of CH;NH;PbX; compounds,>
leading to slow irreversible dissociation into CH3;NH3;X or
CH;NH, + HX, with all volatile products in either case, and
PbX,. A ligand-passivated surface may inhibit this decompo-
sition, explaining the satisfactory stability of CH3;NH;PbBr;
NCs in a “dirty” state. The low melting point of hybrid and
fully inorganic perovskite NCs leads to facile sintering in their
solid state films, oftentimes readily observed in TEM images.

Stimulated emission from
CH3NH3PbBr3 NCs

Upon pulsed excitation (400 nm, 100 fs), a low-threshold
amplified spontaneous emission (ASE) is observed from a film
of CH3;NH;PbBr; NCs on a glass substrate (Fig. 4). The ASE
band is spectrally different from the PL emission: it has a
narrower bandwidth of 7-9 nm (compared to the PL FWHM of

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Studies of lasing applications of CHzNH3PbBrz perovskite nano-
wires: (@) amplified spontaneous emission (ASE) spectra of films pre-
pared by a drop-casting technique from colloidal solution; (b)

normalised ASE intensity versus energy density, and a linear fit inter-

section indicating a lasing threshold of 3 + 1 uJ cm™2.

20 nm), and is red-shifted by almost 20 nm with respect to the
PL maximum, presumably owing to the bi-excitonic nature of
the optical gain.***” The threshold for building ASE is ~3 +
1 J em™?, a factor of 2-3 lower than for CsPbBr; NCs,>* when
emitting at the nearly same wavelengths. However, an interest-
ing difference is observed with regard to the emission relax-
ation. The 240 ns PL lifetime of CH;NH;PbBr; NCs is notably
longer than the 5 ns lifetime of CsPbBr; NCs, both in solution
and under similar excitation intensities. For CsPbBr; NCs, PL
lifetime is invariant in solution and fluency-dependent in
compact films (Fig. S2t). This can be explained by exciton-
exciton interactions, leading to faster relaxation with increas-
ing pumping fluency. For CH;NH;PbBr; nanowires, such be-
haviour is already seen in solution and may be explained by
the co-existence of multiple excitons within the individual
nanowire.

In summary, in this report we describe a new solution-
phase synthesis of highly-luminescent CH;NH3;PbX; (X = Br
and I) nanocrystals with cube, wire and platelet morphologies.
We have shown that polar solvents such as DMF can be com-
pletely eliminated from the synthesis strategy, thus allowing
the nucleation and growth to occur in a fully homogeneous
medium. We observed self-organization of CH3;NH;PbBr;
nanoplatelets into wire-like superlattices. We also assessed
lasing properties of CH3;NH;PbBr; nanowires and observed
low thresholds for ASE. On the practical side, we note that
hybrid organic-inorganic perovskite nanostructures suffer
from severe instability and cannot easily be isolated in a
purified state without decomposition. Hence we suggest that

Nanoscale, 2016, 8, 6278-6283 | 6281
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future strategies on their synthesis and applications should
focus on the development of surface passivation with multi-
dentate ligands that do not desorb during purification or on
their efficient encapsulation into polymer or inorganic
matrices.
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