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ABSTRACT: To date, there is no example in the
literature of free, nanometer-sized, organolead halide
CH;NH;PbBr; perovskites. We report here the prepara-
tion of 6 nm-sized nanoparticles of this type by a simple
and fast method based on the use of an ammonium
bromide with a medium-sized chain that keeps the
nanoparticles dispersed in a wide range of organic solvents.
These nanoparticles can be maintained stable in the solid
state as well as in concentrated solutions for more than
three months, without requiring a mesoporous material.
This makes it possible to prepare homogeneous thin films
of these nanoparticles by spin-coating on a quartz
substrate. Both the colloidal solution and the thin film
emit light within a narrow bandwidth of the visible
spectrum and with a high quantum yield (ca. 20%); this
could be advantageous in the design of optoelectronic

devices.

O rganic—inorganic hybrid materials combine useful

properties of both organic and inorganic materials, such
as plastic mechanical properties (organic material) and good
electronic mobility (inorganic material)." Among this type of
materials, there is presently a great interest in organolead halide
perovskites of general APbX; (A = organic ammonium cation,
X = halide anion) stoichiometry. In these compounds, the lead
cations are in a 6-fold coordination and are surrounded by an
octahedron of halide anions together with the ammonium
cations in a 12-fold cuboctahedral coordination."* These
perovskites are versatile materials prepared from abundant
and low cost starting compounds and exhibit very interesting
features, such as unique optical® and excitonic properties,* as
well as electrical conductivity.®

Specifically, the iodide and bromide versions of
CH;NH;PbX; have led to a breakthrough performance in
thin film solar cells.>>~”

First reports of the use of these perovskites in photovoltaic
applications were obtained with solar cells employing
mesoporous metal oxides, such as titania® > and alumi-

a,%%71% whose porosity permits the formation of
CH,;NH,PbX; perovskite nanoparticulate material, ie, the
confinement of the array extending in three dimensions to the
nanometer scale to build zero-dimensional material. Optimiza-
tion of the device, specifically filling the pores with the
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perovskites, has led to very highly efficient devices as was
recently reported by the Gritzel group.” It has also been
demonstrated that a thin film of bulk CH;NH;PbX, deposited
on top of an n-type metal oxide leads to solar cells with
efficiencies around 10.9%."° This is particularly interesting as it
indicates that the perovskite layer (the thickness was around
300 nm) not only functions as the principal light absorber but
also as the transporter of electrons and/or holes.* Hence,
CH;NH,PbX; perovskites, both as confined nanomaterials in
nanoporous materials,>'* and as “bulk” thin films, have led to
efficient solar cells. Thin films prepared with APbX; perovskite
nanoparticles could outperform the above-mentioned architec-
tures, but no suitable synthetic procedure to obtain particles
with sizes as small as several nanometers has yet been reported.

The availability of stable colloidal solutions of CH;NH;PbX,
nanoparticles and mainly those with sizes below 10 nm would
enable the preparation of new device architectures that could
further enhance solar cell performance and elucidate perovskite
operational mechanisms. Such colloidal solutions of nanometer-
sized APbX; perovskites have, to our knowledge, not been
reported. We presumed that by following the strategies
described for the synthesis of quantum dots (zero-dimensional
materials), a good organic capping agent, such as long alkyl
chain amines, would favor the formation of CH;NH;PbX,
nanoparticles, which would eventually be dispersible in aprotic
solvents."> ™"

In this report, we demonstrate the preparation of highly
crystalline 6 nm-sized CH;NH,;PbX; nanoparticles as stable
colloidal solutions. Highly fluorescent thin films and first
electroluminescent devices were prepared using the colloidal
solution of these nanoparticles.

The perovskite nanoparticles were prepared using bromide,
rather than iodide, due to the higher stability of the former,'®
and due to the most interesting luminescent properties. The
nanoparticles were synthesized using a simple and reliable
preparation method in which a mixture of CH;NH;Br and a
medium or long chain alkyl ammonium bromide was reacted
with PbBr, in the presence of oleic acid and octadecene. We
propose that while the methyl ammonium cations are
embedded in the voids of a set of corner-sharing PbXg
octahedra (Figure 1), the longer alkyl chain cations only fit
the periphery of the octahedra set with their chains dangling
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Figure 1. HRTEM image of an isolated perovskite nanoparticle (scale
bar 2 nm) and schematic representation of an array of corner sharing
MZX; octahedra confined in the three dimensions due to the organic

capping.

outside it. Thus, these ammonium ions would act as the
capping ligands of the nanoparticle, limiting the growth of the
array extending in three dimensions. This strategy produces
intrinsic perovskite nanoparticles stabilized by the alkyl chains.

To prove the preparation of the CH;NH;PbX; perovskite
nanoparticles was achievable, besides adding methylammonium
bromide (CH;NH;Br), the long alkyl chain ammonium cation
octylammonium bromide or octadecylammonium bromide was
used in the preparation of the material. This longer chain alkyl
ammonium cation might act as a better capping ligand to
isolate the nanoparticle core, while nanoparticles with the
methylammonium cation might be advantageous in the
application of the nanoparticles in solar cells."”

In all the cases, the addition of the long chain ammonium
bromide to a warm (80 °C) solution of oleic acid in octadecene
(a noncoordinating solvent), was followed by the consecutive
addition of methylammonium bromide and PbBr,, and right
after, addition of acetone induced the precipitation of a yellow
solid from the solution. The methylammonium salt and the
lead bromide had previously been dissolved in a small amount
of dimethylformamide (DMF) to improve their solubility in the
media. The total ammonium salt concentration was kept at
0.045 M and a PbBr, equimolar concentration was used.
Remarkably, the solid proved to be dispersible in toluene, thus
suggesting the formation of perovskite nanohybrids. For
comparisons sake, the reaction between the CH;NH;Br and
the lead bromide under the same conditions led to an orange
solid that could hardly be dispersed in toluene.

To determine the best molar ratio between the ammonium
salts, preliminary assays were carried out using octadecylam-
monium bromide. The CH;(CH,);,NH;Br/CH;NH,Br molar
ratios used were 0.5:0.5, 0.6:0.4, and 0.7:0.3 and the samples
were labeled as Popa1, Popa2, and Popa3, respectively, in which
P refers to perovskite, ODA refers to octadecylammonium
cation, and 1,2,3 indicates an increasing molar ratio.

The UV—visible absorption spectra of the colloidal solutions
exhibit a peak at ca. 525 nm, 16 nm blue-shifted compared to
that of CH;NH,PbBr; bulk that can be attributed mainly to the
particle-size quantum confinement effect in the APbBr,
nanoparticles (Figures S1A, S2A, and S3A for Popal, Popa2,
and Pgp,3, respectively); a similar absorption has been
reported for CH;NH,PbBr; within mesoporous titania and
alumina.® Consequently, the long chain ammonium salt played
a key role in the formation of the hybrid perovskite
nanoparticles and in their capacity to give rise to colloidal
solutions.

However, in addition to the peak at ca. 525 nm, the spectra
of the Pop, samples presented others at lower wavelengths,
suggesting that the formation of the APbBr; perovskite
structure was accompanied by the formation of perovskites
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with other stoichiometries. Transmission electron micros-

copy (TEM) images showed that the CH;(CH,),;NH;Br/
CH;NH;Br 0.6:0.4 molar ratio used in Pgp,2 proved to be the
most effective in the formation of nanoparticles (see Figures S4,
S5, and S6 for Popal, Popa2, Popa3, respectively). Interest-
ingly, the fluorescence spectra of the Pgp, samples mainly
showed the near band edge emission attributable to the APbBr;
nanoparticles with a narrow full width at the half-maximum
(fwhm). The emission wavelength maximum and fwhm values
were at 529 (fwhm = 26 nm), at 526 (fwhm = 24 nm), and at
524 nm (fwhm = 23 nm) for Popsl, Popa2, and Popa3,
respectively. However, while this emission band was highly
symmetrical in the case of Pops2 and Pop,3, this was not the
case for Popal, which showed a shape similar to that of
CH,;NH,PbBr; bulk (Figures S1B, S2B, and S3B).

The rather long chain of ODA might make the formation of
perovskites with other stoichiometries competitive with the
formation of the CH;NH,PbX; nanoparticles. Therefore, assays
were performed using the shorter octylammonium bromide
(CH,(CH,),NH;Br) in the synthesis of the nanoparticles. In
addition, as mentioned above, the use of shorter alkyl
ammonium cations could be advantageous for future
applications of these nanoparticles. The CH;(CH,),NH;Br/
CH;NH;Br 0.6:0.4 molar ratio was used since it seemed to be
the best ratio for the preparation of the CH;NH;PbX,
nanoparticles, taking into account the full set of data (resulting
from TEM, absorption, and emission measurements) for Pgp,.

Remarkably, Py,2 (OA refers to octylammonium cation)
also proved to be dispersible in toluene and its absorption
spectrum exhibited a peak at 4, 527 nm (Figure 2a).
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Figure 2. UV-—visible absorption (a) and room-temperature
fluorescence (b) spectra of Py,2 in toluene. Inset: photographs of
the emitter illuminated with ambient light (a) and UV light-lamp
centered at 365 nm (b).

Even more remarkably, its emission spectrum only exhibited
a highly symmetric band centered at A,,,,, = 530 nm, which was
narrower (fwhm = 21 nm) than that of the Pgp, samples
(Figure 2b). The very small Stokes shift indicates that the
structure does not undergo changes when it is in the excited
state and that it is a rigid structure. Hence, considerable
autoabsorption occurs which hinders the determination of the
exact photoluminescence quantum yield (®;) and a value of
17% was registered when using considerably diluted solutions
and the excitation wavelength was as far away as possible from
the absorption maximum. It has been reported that excitons in
the bulk CH;NH;PbBr; are of the Wannier type, producing a
strong delocalization due to the weak exciton binding energy of
0.076 eV.** Therefore, the high ®; for the colloidal dispersions
indicates that the exciton binding energy is significantly
increased, preventing dissociation of the exciton prior to its
radiative decay.
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All these data suggested that the preparation of APbBr;
perovskite nanoparticles had been successful when using OA as
the capping ligand and a 0.6:0.4 CH,;(CH,),NH;Br/
CH;NH;Br molar ratio. It is worth mentioning that the
fluorescence of the P42 was higher than the Pop,2 (Figure
S7). In addition, these results indicated that the length of the
alkyl chain of the ammonium cation exerted a considerable
effect; thus, the composition homogeneity in APbBr; nano-
particles was greater for Py,2 samples, with an alkyl chain of
eight carbon atoms, than that of Pop,2 with 18 carbon atoms.

Remarkably, Py,2 samples showed an extraordinary stability
under light illumination (see Figure S8, irradiation under two
different conditions).

To probe the dispersibility of P, (2 mg/mL), the following
organic solvents were used: toluene, hexane, tetrahydrofuran,
chloroform, dioxane, dimethylsulfoxide, anisole, ethyl acetate,
isopropanol, and methanol. Pp,2 formed stable colloidal
solution in all the solvents except in DMSO and isopropanol,
where the solution became immediately colorless. This
suggested that the nanoparticles reverted back to their
precursors in the highly polar aprotic solvent as well as in the
protic solvents (Figure S9).

The X-ray powder diffraction (XRPD) pattern of the solid
sample of Py,2 was measured to further confirm the phase
purity of Py,2 as well as the crystallinity of the sample (Figure
$10). The XRPD pattern of the sample showed that it was
highly crystalline. Pawley refinement™** performed by using
the TOPAS computer program, demonstrated that P,2
presented an excellent fit to a single-phase model correspond-
ing to the cubic phase of the hybrid organic—inorganic
CH,;NH,PbBr; perovskite (a = 5.9334 (S) A, space group =
Pm-3m).>>*® The list of peak positions of the XRPD pattern is
shown in Table SI1. Energy-dispersive X-ray spectroscopy
(EDS) analysis in nanoprobe mode showed that Pg,2
presented a Br/Pb ratio of 77/23 in good agreement with a
PbBr; stoichiometry. In addition, TEM images of Py,2 sample
proved it mainly consisted of spherical nanoparticles with an
average size of 6.2 + 1.1 nm (Figure S11).

Figure 3 shows representative high resolution TEM
(HRTEM) images of one nanoparticle and their corresponding
fast Fourier transform (FFT) patterns, indicating that the
nanoparticles possess crystalline surfaces with no sign of an
amorphous layer. The HRTEM images show well-defined
lattice spacing and FFT patterns and well-defined spots which
are in accordance with the crystallographic parameters for the
CH;NH;PbBr; bulk, thus demonstrating not only that the
nanoparticles were highly crystalline but also that they
possessed the same stoichiometry as the bulk. The images in
Figure 3 show an interplanar distance from fringes of about
2.98 A, which is characteristic of (002) planes of cubic phase
structure of CH3;NH;PbBr; with Pm-3m space group, two
interplanar spacing measurements at about 2.103 and 1.87 A,
which can be attributed to (022) and (031) family planes,
respectively, and are in good agreement with the data for a
cubic structure with lattice parameter of about 5.93 A. The
mean value of a-lattice parameter determined from d-spacing of
5.95 + 0.03 A was in good agreement with the XRPD value of
5.9334 (5) A measured in the bulk perosvkite

The crystalline Py,2 nanoparticles kept in the solid state for
more than three months proved to be dispersible in toluene.
The colloidal solutions were stable for up to 24 h.
Consequently, in a first attempt to make use of the colloidal
dispersion of Pp,2 as a starting material for optoelectronic
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Figure 3. HRTEM images of individual nanoparticles from Pp,2 (a
and c) and their corresponding FFT analyses (b and d).

devices, such solutions were used to prepare a homogeneous
and fluorescent thin film on a quartz substrate. Thin films were
prepared simply by spin-coating the colloidal solution on a
thoroughly cleaned substrate. To facilitate good adhesion of the
nanoparticles a short O, plasma treatment was employed to
ensure a polar top surface of the substrates.

The emission spectrum of Py,2 film also showed a narrow
emission band (fwhm = 22 nm) whose maximum was at 533
nm, ie, only 3 nm red-shifted compared to that of Py,2
colloidal solution in toluene (Figure 4). The ®; of the film,
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Figure 4. (a) Room-temperature fluorescence spectrum (Aexe = 350
nm) of a thin film prepared using colloidal Py,2. (b) Room-
temperature electroluminescent spectrum of the device ITO/

PEDOT:PSS/pTPD/P,2/Ba/Ag at 6 V.

measured with an integration sphere, was ca. 23%. As
mentioned previously, there is a considerable amount of
autoabsorption due to the very small Stokes shift in the
nanoparticles. Therefore, for these films, in which the
nanoparticles are present at high concentration, the ® is less
accurate and the registered value is most likely to be at a higher
level as part of the emitted light is reabsorbed by the particles,
thus leading to radiative losses.

A thin film light-emitting device based on Py,2 nanoparticles
was also prepared and its performance was compared with that
of a reference device based on a bulk film of the same material
(Figure S12). A very strong improvement in the electro-
luminescence is observed when the nanoparticles are used. This
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clearly demonstrates the benefit of nanoparticles over bulk films
in already one application.

We also succeeded to prepare APDbI; nanoparticles by
performing small variations on the here reported strategy; the
preliminary results are promising (Figure S13), but a better
homogeneity of the samples is expected by further fine-tuning
of the preparation method for these systems.

In summary, our results show that hybrid organic—inorganic
APbBr; (A: alkyl ammonium ion) perovskite nanoparticles can
be easily and efficiently prepared. The method makes use of the
capacity of medium alkyl chain organic ammonium cations to
stabilize small sized (ca. 6 nm) crystalline nanoparticles. These
nanoparticles can be kept stable in a solid state and maintained
dispersed in aprotic, moderate polarity, organic solvents for
more than three months. This made the preparation of a
homogeneous thin film by spin-coating on a quartz substrate at
room temperature possible. This fact is promising, since
perovskite films could be compatible with flexible substrates.
Both the colloidal solution and the film exhibit a high ®¢and a
narrow emission band, whose A, only changed slightly from
the colloidal solution to the film, although considerably blue-
shifted compared to that of the CH;NH;PbBr; bulk perovskite.
Studies on the suitability of other combinations of short/long
chain ammonium salts for preparing stable hybrid PbBr;
colloidal solutions (for their application in optical devices) is
worth studying and will be performed in due course.
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