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Chapter 1. Introduction

Hybrid organic-inorganic metal halide perovskites semiconductors have shown
unique properties, such as magnetic, electrical conductivity, photoconductivity,
photoluminescence and electroluminescence, among others, which make them

promising candidates for photovoltaic and related optoelectronic devices. ™

The hybrid lead halide perovskite (CHsNH3PbXs; X= halide ions) in particular,
have emerged as exceptional semiconductor materials for photovoltaic
applications, owing to their outstanding optical and electrical properties, such as
broad absorption spectra (which is tunable from ultraviolet to near infrared with
the composition), small exciton binding energy and long carrier diffusion length.?
4l Moreover, they are easily prepared from abundant and low cost starting

compounds.

Since the first report of perovskite solar cell in 2009,5! based on CH3NH3PbX3
nanoparticulate material into mesoporous TiO. film as light absorber and
exhibiting moderate power efficiency (PCE less than 4 %), the configuration of
the solar cells have been optimized by using thin film of bulk perovskite and the
PCE thus it reached 15% in 2013, i.e. approaching that of commercial solar cells
(ca. 20%).2¢1 The fast and continuous improvement has been driven by a
concerted worldwide research effort to develop new sustainable technologies,

using renewable sources, and lowering the production costs.

Furthermore, the photoluminescence of hybrid lead halide perovskites
nanoparticles into mesoporous films[’! attracted great interest owing to their

potential for optoelectronic applications, such as light-emitting devices.

This thesis is focused on hybrid organic-inorganic lead halide perovskite
nanoparticles, whose inorganic framework present a three or two (3D or 2D)
dimensionality. This chapter summarizes the crystal structure, the optical
properties and the methods used for the preparation of these hybrid perovskites as
single crystals, thin films and nanoparticles. Finally, their application in

optoelectronic devices is described.
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1.1 Organic-inorganic metal halide perovskites

1.1.1  Crystal structure

The perovskites present a general formula of AMXa. In the case of metal halide
perovskites, M is a divalent metal (Pb*?, Sn*? or Ge*?) and X is a halogen (CI-, Br
, I, or a combination of them). According to the nature of the cation A, the metal
halide perovskite can be further divided into two large groups: alkali-metal halide
perovskites and hybrid organic-inorganic metal halide perovskites (HOIP). The
first category is mainly formed from the monovalent alkali metal A* (Li*, Na*, K,
Rb*, Cs*), while in the second type, A is a small organic cation, mostly

methylammonium (CH3NHs") or formamidinium (CH(NH,).").

The AMX; perovskite consists in an extended three-dimensional (3D) framework,
in which the cation M is coordinated to six halide ions in an [MXg]* octahedra.
The octahedra are all-corner connected and the cation A is occupying the 12-fold
coordinated holes within those cuboctahedral configuration, thus
counterbalancing the charge of the whole framework, figure 1.1. Only small
organic and inorganic cations can fit in the A-site of the perovskite framework,
according to the Goldschmidt tolerance factor (t) described in Eq. 1,1 where ra,

rm, and rx are the ionic radii for the corresponding ions (table 1.1).F!

ra+rx

t =
V2 rutrx

Eq. 1

Table 1. 1 lonic radii of A, M and X ions

lonic radii (A)
A ra M v X rx
Cs* 1.88 | Pb*2 119 CI 1.81
CH3NH3* 217 | Sn*2  0.69 Br 1.96
CH(NHp),* 253 I 2.20

The structure and properties of methylammonium lead halide perovskites,
CH3NH3sPbXs, were reported for first time by Weber et al. in 1978,1% These
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perovskites adopt a cubic 3D perovskite framework at the highest temperature
phase. The cubic space group is Pm3m and the cubic lattice constants are a =
5.657(2) A, a = 5.901(1) A and a = 6.3285(4) A for CI, Br and I, respectively
(figure 1.1).1014

The structural phase of the CHaNH3PbXs perovskite change with the temperature.
There is a relationship between the methylammonium cation orientations and
phase transitions, as well as a dependence of the respective phase with respect to
volume change. At low temperatures the motion of the organic cation is restricted
(lower than 237 K for CH3NH3PbBr3) and the material adopt a tetragonal (14/mcm)

or orthorhombic (Pnma) phase.!***3!

Figure 1. 1. Representation of the basic AMX; perovskite structure (left)
and the extension of the structure in a 3D perovskite framework (right). The
atoms A, M and X are shown as green, grey and red spheres, respectively.

If the organic cation A is too large, the 3D perovskite framework will be
inappropriate and the dimensionality of the inorganic framework changes to 2D,
1D or OD (figure 1.2). Thus, perovskites with low-dimensional inorganic
framework can be obtained by making slices along different crystallographic

directions of the 3D perovskite structure.

In the 2D perovskite inorganic framework, the [MXg]* octahedra are connected
at the corner in layered sheets, while in 1D they are connected in a chain (the
octahedra are connected at the corners, edges, or faces), finally, in 0D the [MXe]
4 octahedra are isolated (figure 1.2). In all cases, the organic cations are counter

balancing the anionic charge from the inorganic framework through ionic and
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hydrogen bonding interactions. Hence, the selection of the organic cation A is an
influential parameter on the resultant perovskite inorganic framework. These low-
dimensional perovskites compounds have been comprehensively reviewed by
Mitzi et al.[*%%® The reduction of the framework dimensionality has a great
impact on their physical properties; one of the most relevant is the increase of the
band gap (see below).

T gy
¥ a4

11111} f'w" *1\_¢’

1D 0D

Figure 1. 2. Schematic representation of perovskite inorganic frameworks
with different dimensionalities (3D, 2D, 1D, and 0D). A, M, and X atoms
are shown as green, grey and red spheres, respectively.

The HOIP with a 2D inorganic framework have the general formula
(RNH3)2A-1MnXan1 (N=1, 2, 3...), where R is a medium/long alky! chain or aryl-
alkyl ammonium cation (e.g. 2-phenylethylammonium); and n represents the
number of inorganic framework layers. Therefore, 2D perovskite combine an
extended inorganic framework with a network of organic molecules. The
ammonium head of the cations bind the halogens of the inorganic sheets by
hydrogen-bonds and the organic alkyl moieties are extended into the space

between the inorganic layers (figure 1.2).

The most studied 2D perovskites are (RNH3z):MX4 or (NHzRNH3z)MX.. There is
no important restrictions for the length of the interlayer organic cation in the 2D
perovskites family. However, there is restriction for the width of the organic
cation, since it fit into an area defined by the terminal halides from four adjacent

corner-sharing octahedra.}+¢! Different properties are observed with the length
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of the organic alkyl chain and the temperature, which causes phase transitions due
to the dynamic rotation of the organic layer.'” Table 1.2 summarizes some of the
organic ammonium cations that have been used to prepare perovskites with 2D

inorganic framework.8

Table 1. 2. Chemical structures of the organic cations used for the
preparation of low-dimensional 2D perovskite.

Organic cation Chemical structure Ref.
n-butylammonium /\/\;\‘rH3 [19,20]
n-dodecylammonium P N N T

N-methylethane-1,2 [22]

+
. . + NH,
diamonium H NN

+ [23,24]
NH3
Cyclohexylmethylammonium O/\
fH [23,24]
2-phenylethylammonium O/\/

Perovskites with 1D and 0D inorganic framework remain relatively unexplored.

Perovskites with 1D framework and general formula A" 2AnMmXam+2 have been
obtained using the iodoformamidinium cation [NH.C(I)=NH);sMXs; M= Pb,
Sn],?>261  N-(3-aminopropyl)-imidazolium  [(CeHisN3)PbBrs], B  and
cyclooctylammonium [(RNH3).Pbls].281 There are few examples of 0D
perovskites, such as the prepared with methylamine (CHsNHzs)4Pbls.2H.O and
butylamine, (CsHgN2H4)2PbBre.2H,0.2%31 This thesis is focused on the study of

perovskites with 3D and 2D inorganic frameworks.
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1.1.2 Optical properties

The terms 3D, 2D, 1D, and 0D used above refers to the dimensionality of the
inorganic framework of perovskites not to the dimensionality of the material. In
this regard, the materials can be classified as bulk 3D materials (x,y,z > 100 nm),
bulk low-dimensional (1D only x>100 nm; 2D both x,y> 100 nm), and
nanomaterials (0D), figure 1.3.1*8 The latter group is defined as any material with
the three dimensions (x,y,z) within the nanoscale (X,y,z < 100 nm), independently
of its shape (e.g. spherical nanoparticles, nanoplates and nanowires). The optical
properties of the HOIP depend on their chemical composition, the dimensionality

of the inorganic framework and the material dimensionality.

Bulk 3D Material

Bulk low-dimension Material
z

pE...
X

X,y,z> 100 nm

Nanoparticles

0D

&

1D x> 100 nm

2D xy> 100 nm xyz< 100 om

Figure 1. 3. Representation of the material dimensionality, which can be
bulk 3D, bulk low-dimensional (1D, 2D), and nanoparticles (0D).

Three-dimensional perovskites. The HOIP are semiconductors, therefore their
electronic structure is organized in two bands, the valence band (VB) and the
conduction band (CV). The band gap energy (Eg) refers to the minimum energy
needed for an electron to be excited from the VB to the CB and determines the
light absorption and emission wavelengths of the material (figure 1.4). The
photoexcitation of semiconductors leads to an electron and hole pair, known as
exciton. Hence, the exciton is a bound state of an electron and a hole which are
attracted to each other by the electrostatic Coulomb interaction and has a

significant impact on the charge carrier mobility in semiconductors.

The excitons are classified into Frenkel excitons, with a small-radius comparable

to the unit cell dimension, and Wannier-Mott exciton, which describes the exciton



Chapter 1. Introduction

as a bound electron-hole pair that is not localized at a crystal position but diffuses
across the crystal. As a result, the Wannier-Mott type excitons have a large Bohr
radius (ag) that embrace many atoms, and the exciton binding energy (Es) is
usually small. The ag depends on the chemical nature of the semiconductor.

The excitons in a 3D perovskite framework are Wannier-Mott excitons. The ag
and Ejp values calculated experimentally for CHsNH3PbBrs crystal are 14-20 A and
76 meV, respectively; whereas for CHsNH3Pbls they are 22-28 A and 50 meV,
respectively.®2l Comparatively, other inorganic semiconductors, such as CdSe,

possess an as and Eyp in the 30—100 A and 10—30 meV range, respectively.

In the HIOP semiconductor the electronic structure is mainly determined by the
divalent metal cation M and the X anion of the [MXg]* octahedra framework. In
the CH3NHsPbls perovskite, the VB consists of Pb(6s)-1(5p) orbitals, while the
CB is derived from Pb(6p)-1(5p) antibonding (c*) interactions, figure 1.4.54
Moreover, the organic cation CH;NHs* does not contribute directly to the band
structure, but it provides structural stability by charge compensation with the

[Pbls]* octahedra through electrostatic (\Van der Waals) interactions.

a b
b

Electron ! S
o~ -] ' ) —
Z i h
= / IEg [,' Ph(6p)
iﬂ f Ew 4 ! o
o = ! Nl
= I’ ~

w, [N
Hole I(5p) O\ P /’%
\

v <7 Pb(6s)

’

Figure 1. 4. a) Energy band diagram of a bulk semiconductor with band
gap Eg, and the CB and VB. b) Simplified representation of the bonding
orbitals in CH3NH3Pbls semiconductor.
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Therefore, the E4 of the HOIP are sensitive to the anion X, Eg,c1> Eggr > Eg, within
a homologous set of compounds. The main impact of halide substitution is the
modulation of the upper VB as a result of the large halide p orbitals contribution
at these energies.*! As a result, the band gap of the cubic CHsNH3Pblsof 1.55 eV
(800 nm) increases with the halide substitution to 2.3 eV (540 nm) and 3.1 eV
(400 nm) for CHsNHsPbBr; and CHsNHsPbCls, respectively. Table 1.3
summarizes the band gap values of HOIP with different composition and

dimensionality.

The CH3;NHsPbX; perovskites exhibits strong and broad absorption spectra
ranging from the ultraviolet (UV) to visible (VIS). The solids are white, orange
and black for X= Cl, Br and I, respectively. Figure 1.5 shows the absorption and
photoluminescence (PL) emission spectra of CH3NHsPbX; platelets, showing the

blue shift in the optical spectra with the halide variation from | to CI.¢

Table 1. 3. Comparison of the optical band gap of reported 3D, 2D, quasi-
2D, 1D, and 0D perovskites.

Perovskite formula Dimension Band gap energy Egq Ref.

Q%) (nm)
CH3NH3PbCls 3D 3.11b 398 37
CHsNH3sPbBrs 2.2-2.35° 535-568  [32:3637]
CHsNHzsPbls 1.51-1.578>  789-821 [38-40]
CH3NHzsSnls3 1.20° 1000 [40]
HC(NH2)2PbBrs 2.232 555 [39]
HC(NH2)2Pbls 1.482 840 [39]
CsPbls 1.732 716 [39]
(C4HsNH3)2PbBra 2D 3.33@ 372 [
(C12H25NH3)2PbBra 3523 352 [19]
(C4aH9NH3)2Pbl4 240¢@ 516 [20]
(C7H1sNH3)2Pbl4 3.80° 326 [20]
(C4HgNH3z)2Snl4 2.04° 607 (41
(C12H2sNH3)2Snl4 2.14° 580 [41]
(CsH13NH3)2PbBr2 3.132 395 [42]
(CeH13NH3)2(CH3sNH3s)Pb2Brz g-2D 2.87 431
(CsH13NH3)2(CH3NHS3)2PhzBrio g-2D 2.77 450
(NH2C(1)=NH2)3Pbls 1D 3.10 400 129]
(CH3NHs)4Pbls.2H20 0D 3.87 320 129]
Perovskite prepared as 2 thin film and Psingle crystals (see section 1.2)

10
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The CHsNHa3Pblz perovskite exhibits a broad absorption spectrum, and high
absorption coefficient (1.5 x 10* cm™), which enable the use of this material as the
light absorber in photovoltaic applications. The band gap of CH3sNHsPbCls limits
its use as single light absorber, whereas CHsNH3PbBrs perovskites have shown
lower efficiency than the iodide counterparts but they have been studied because
of their photoluminescence and stability under humidity conditions.

Notably, the band gap of CHsNHsPbX; perovskites can be tuned over the whole
visible spectra range by using mixed halide perovskites."1 The variation of the Br
content in CH3sNH3Pb(11-xBr x)s allows a band gap tuning from 1.57 eV (for x=0)
t0 2.27 eV (for x= 1).14

—— CH,NH,PbCI,
- —— CH,NH,PbBr,
- —— CH,NH_PbI,

Intensity (a.u)

. : PR TP . L et
400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 1. 5. Absorption (dashed line) and room temperature PL emission
spectra (solid line) of CHsNHsPbXs perovskite platelets showing a band gap
of 400 nm for X = CI, 530 nm for X =Br and 770 nm for X = I. Reprinted
with permission of Ref. [¢1 Copyright 2014 John Wiley and Sons.

The organic cation determines the dimensionality of the perovskite framework as
was discussed above. Furthermore, it has an important effect on the stability of
the solid material. The increase of the cation size, ionic radius Cs< CH3NH3 *<
HC(NH.)." expands the crystal lattice and induce a small band gap shift, which is
small in comparison with that produced by halide substitution. In lead iodide thin
films, the band gap decreases from 1.73 eV to 1.48 eV for CsPbl; and
HC(NH.),Pbls, respectively.k

In addition, replacing Pb*2 by the smaller divalent cation Sn*? results in a decrease
of the band gap to 1.20 eV (1000 nm) for CH3NH3Snls, thus extending the optical

11
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absorption to the near infrared range (table 1.3).[*1 Nevertheless, this material
exhibits low stability, which has limited (up to now) its application as light
absorber in solar cells.

Two-dimensional perovskites. Additional band gap tunability is observed with the
reduction in the inorganic framework from 3D to OD. The band gap energy
increases in the trend Eg,3p< Eg,20< Eg,10 <KHOMO—-LUMOgp for a homologous set

of perovskite compounds (table 1.3).23%

In the HOIP with a 2D inorganic framework, the exciton is confined within the
inorganic framework layer. Such quantum confinement, in combination with the
surrounding organic cations spacers, induce a strong electron-hole Coulomb
interaction and larger E, than in 3D perovskites. The E, reported for 2D
perovskites are in the 200-500 meV range.**5 Because of this, the 2D
perovskites are usually photoluminescent at room temperature and exhibit a
narrow emission band and small Stokes shift. Their optical properties depend on
the length and the features of the organic cation, the halide and the metal (table
1.3).

In general, the exciton band is blue-shifted with the increase of the length of the
alkyl chain organic cation.[%-22481 In (CrH2n+1NH3).PbBr4, for instance, the exciton
absorption shifts from 3.33 eV (372 nm) to 3.52 eV (352 nm) for butylammonium
(n= 4) and dodecylammonium (n=12), respectively.*®! The change in the length
of the alkyl chain varied the distance between the inorganic layer and the

orientation of the organic group.

Analogous to 3D perovskites, the band gap of 2D perovskites can be tuned by the
halide substitution.”*® Thus, (C1sH37NHs)2PbX4 perovskite exhibit the exciton
peak at ca. 500 nm, 393 nm, and 328 nm for I, Br, and Cl, respectively.[*]

Additional band gap tunability can be achieved by mixing the halides.[*54%-5

The confinement in 2D perovskite decreases with the increase in the number of

inorganic framework layers, this means that additional degrees of electronic

12
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tunability are afforded by modifying the number of adjacent inorganic sheets
(RNH3)2A0- 1M Xaner (n = 1,2,3,...,0) along the crystallographic axis. This
intermedia dimensionality structure between 3D (n= o) and 2D (n= 1) is termed
as quasi-2D (g-2D). For example, the absorption peak maximum of 2D perovskite
thin films prepared with hexylammonium (CsH1sNHs*) and CH3NHs* cations,
(CsH13NH3)2(CH3NH3),-1PbnBrans1, red-shifted from 395 nm to 450 nm as the

number of inorganic layers increases from n= 1 to n=3, figure 1.6.121

(a) Monolayer

— 395 nm

(b) Bilayer
/ 431 nm

Absorbance / a.u

(c) Trilayer
— ’

450 nm

300 400 500 600 700

Wavelength / nm

Figure  1.6. Absorption spectra of spin-coated film  of
(CsH13NH3)2(CH3NH3),—/PbnBran+1 (n=1-3). Reproduced with permission
from 1421 Copyright 2000, Elsevier.

In summary, the chemical variability of HOIP offers significant opportunities for
the tuning of their physical and optical properties by the appropriate choice of

metal atom, halogen and the dimension of the inorganic framework.

13
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1.2 Methods of preparation

HOIP, either 3D or 2D perovskites, have been prepared with high purity as single
crystals and thin films by using solution-processing methods. These perovskite
exhibit a low energy barrier of formation; the mixture of the organic cation with
metal halide, react even at room temperature in solid state or by gridding.
Although this method is easy and fast, the lack of experimental control yields a

mixture of the product and unreacted precursors.

Single crystals. Single crystals have been used for the study of the HOIP structure
and their intrinsic properties. In general, the synthesis of bulk single crystals are
carried out by classical solution crystal growth methods such as cooling-induced
crystallization, inverse temperature crystallization, anti-solvent vapor-assisted
crystallization, layered solution growth method and slow solvent evaporation of a

saturated precursor solution, &4

In the cooling-induced crystallization the process for CHsNHsMX; (X= Cl, Br, [;
and M= Pb, Sn) has usually been carried out by dissolving the inorganic salt (e.g.
lead acetate) in concentrated aqueous solution of the halide acid, followed by
heating the mixture in a water or oil bath. Afterwards, the organic amine (e.g.
methylamine) is added to the solution. The mixture was cooled from 100 °C to ca.
40 °C, over several hours. 840521 The slow decrease of the temperature induces
the saturation of the perovskite precursor in the solution and the HOIP crystals
growth slowly. A large crystal is obtained by cooling the solution over days. 2D
perovskites with butylammonium (CsHoNH3).Ml: (M= Ge, Sn, and Pb) and
phenylethylammonium (CeHsC2H4NHz3)2PbXs (X= CI, Br, and 1) have been
prepared by using this method.[

The inverse temperature crystallization is a different approach for the crystal
preparation of materials whose solubility in certain solvents is high at room
temperature but decreases with the increase of the temperature.® Bakr, O. M et
al. studied the solubility of CH3sNH3;PbX3; (X= ClI, Brand I) in different solvents,

14
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and demonstrated the preparation of high quality millimeter-sized crystal using
dimethylformamide/dimethyl sulfoxide (1:1; at 50 °C), dimethylformamide (at 80
°C) and y-butyrolactone (at 60 °C) as the solvent for X = CI, Br and I,
respectively.45!

The anti-solvent vapor-assisted crystallization has been used to grow materials
that are highly soluble in a good solvent but have poor solubility in other solvents,
which is slowly diffused into a solution containing the HOIP crystal precursors.
The layered solution growth method, on the other hand, is a similar method in
which two solvents of different density are in contact; its suitability is due to the
different solubility of the crystallizing material in both solvents;

(CsHsC2HsNHs)-PbClssingle crystals have been prepared using this approach.®!

Thin film. Different methods have been developed for the preparation of HOIP
thin films, based on the degree of surface coverage together with crystal and film
quality.5 The one-step solution-processed technique is one of the most used to
prepare HOIP in the form of polycrystalline films, due to its simplicity and low-
cost. In this technique a specific ratio of the perovskites precursor (PbX, and
organic cation) are dissolved in an organic solvent, and then the resultant
precursors are applied onto substrates followed by spin-coating. The excess of the
precursor solution is removed by centrifugal force. Then, the crystallized

perovskite thin film is obtained after annealing (40-160 °C), figure 1.7.

Additional control over the morphology can be achieved by using a two-step
method, in which first the metal halide (PbX>) is deposited (or infiltrated into
mesoporous film) and sequentially, the as-prepared film is exposed to a solution
of the organic cation.l?? After removing residual solvent by annealing, dense

perovskite film is formed.

The preparation of uniform films with good coverage is essential to get high
performance devices in optoelectronic applications. The relevant parameters for

the HOIP crystallization control and the film formation include the selection of
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the substrate, the solvent, the concentration of the HOIP precursor, the annealing
temperature, the atmosphere used during spinning and the spin speed.

Perovskite precursors
a CH;NH;X + PbX,

CH;NH;PbX; CH;NH;PbX;
<! ! k I ) U annealing

CH3NH,X I

vy
U’./ L!'./ u/

Spin ing

Figure 1. 7. Schematic representation of the preparation of CHsNH3sPbXs
thin films by a) one- and b) two-step solution-processed technique

The HOIP precursor solubility is limited to polar aprotic solvents, such as

dimethylformamide, dimethyl sulfoxide, y-butyrolactone and acetonitrile.

An important factor during the deposition, spinning and processing it is to work
under dry atmosphere. This is due to the fact that the organic and inorganic
components are often susceptible to oxidation and water adsorption. In particular,
Pb and Sn metal halide perovskites exhibit low stability under moisture
conditions, which is one of the main challenges to be addressed. Under ambient
conditions, CH3NH3Pbls films decompose into Pbl; and volatile components (i.e.
CH3NHgsl, HI) thus leading to an irreversible decomposition process.k
Consequently, some processes are performed in a dry inert (nitrogen or argon)
atmosphere to minimize the sample degradation. Additional factors, such as

oxygen, high temperature and UV light can also degrade the HOIP material .[>®]

In addition, polycrystalline HOIP films can be prepared by a vapor-phase
deposition technique.’%% Films have been prepared by i) simultaneous

evaporation of the metal halide and organic cation, or ii) deposition of the PbX5
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film using the techniques described above followed by the evaporation of the
organic cation.l®® Thus, uniform and flat films of mixed halide CHsNH3Pbl;_Clx
perovskites have been prepared by simultaneous evaporation of CH3NHsl and
PbCl,, from separated sources.® Moreover, highly photoluminescent films of 2D
perovskites (C¢HsCoHaNH3).PbXs (X= Br and 1) and (CsHsC2H4NH3),Snls have
been prepared following this strategy.

1.3 Organic-inorganic lead halide perovskites nanoparticles

Nanoparticles are materials with their dimension in the range of a few nanometers
(0D material, x,y,z <100 nm). The electron-hole pair is confined when the particle
size becomes comparable to the exciton Bohr diameter of the material. A strong
confinement occurs when the diameter of the nanoparticle is lower than threefold
the Bohr diameter of the material, and a weak confinement occurs when the
diameter of the nanoparticle is in the three to tenfold the Bohr diameter of the
material. As a consequence, the optoelectronic properties of inorganic
semiconductor nanoparticles (e.g. CdSe) show a strong size and shape
dependence, and the degree of confinement may be different in the three

dimensions of the nanoparticle.

Quantum size effects are manifested as changes in the optical absorption spectra
with an increase in the Eg, i.e. shift of the excitonic peaks to higher energies (in
comparison with that of the bulk material), and enhancement of their oscillator

strength as the particle size decreases.

The nanoparticles can be prepared as colloids by using organic molecules which
play a key role in their synthesis, colloidal stability, functionality and optical
features.[52 These molecules can act as solvents, surfactants, reactants and ligands.
Colloidal nanoparticles of inorganic semiconductors, such as II-VI (CdSe, CdTe,
CdS, ZnSe) and III-V (ZnP, InAs) semiconductors, have been extensively
studied. The ligands, commonly referring to organic molecules (such as

trioctylphosphine, trioctylphosphine oxide, long-chain alkylamines, long-chain
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carboxylic acid and alkylthiols), enable control over the stability of semiconductor
nanoparticles dispersions in polar or nonpolar solvents via steric and electrostatic

interactions. 6364

Semiconductor nanoparticles can be suitable for many applications such as
catalysis, sensing, imaging, photovoltaics and optoelectronic devices.[5¢7]
Despite the interesting optical properties and the easy and low cost preparation of
the HOIP material, the synthesis of nanoparticles had been scarcely developed

before 2013 when this thesis started (see below).
1.3.1 Three-dimensional CHsNHsPbX; perovskite nanoparticles

The preparation of perovskite nanoparticles with a 3D inorganic framework,
namely CHsNHsPbX3, was firstly explored by using mesoporous TiO;, Al,O3, and

ZrO; films as templates, and a one-step solution-processed technique.[>68-74

The pioneer work of Miyasaka et al. in 2009 reported the preparation of
CH3NH3PbX; (X = Br and 1) nanoparticles onto mesoporous TiO; film, as light
absorbers in solar cells.! Specifically, a stoichiometric ratio solution of CHzNH3X
and lead halide (PbXy) in a polar solvent (dimethylformamide or y-butyrolactone)
was spin coated on the mesoporous film. The porosity of the TiO, film allowed
the formation of CH3NH3PbBrz and CHsNH3Pblz nanoparticles with a size of 2-3

nm and an absorption spectrum response up to 550 nm and 800 nm, respectively.

Nanoparticles of CHsNHsPbls on TiO; film were prepared by spin-coating of an
equimolar ratio solution of CHsNHsl and Pbl; in y-butyrolactone on the TiO- film,
followed by annealing at a different temperatures (from 40 °C to 160 °C). The
CH3NH3Pbl; nanoparticles (average diameter of 2.5 nm) were distributed

homogenously within the pores and on the surface of the TiO, nanoparticles. 8

In addition, using a two-step sequential method, CHsNHsPbls; nanoparticles were
prepared by first spin-coating a solution of Pbl, on a nanoporous TiO, film
(anatase, thicknes of 500 nm), thus forming 22 nm-sized Pbl, nanoparticles into

the porous film.®? Then, this material was transformed into the CHsNH3Pbl; film
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by dipping the TiO2/Pbl, nanocomposite film in a solution of CHsNHsl in 2-
propanol. The confinement of Pbl, in the nanopores of the TiO- film facilitated
the conversion, while limited the CHsNHsPbls perovskite to adopt a morphology
confined to the nanoscale.

The green photoluminescence of CHsNHsPbBrs nanoparticles prepared into
mesoporous Al,Os film was reported by Miyasaka et al. in 2012.1"1 The
nanoparticles were prepared by spin-coating of a precursor solution (CHsNH3Br
plus PbBr; in dimethylformamide at different concentrations, 1-10 wt %) onto an
Al20s mesoporous film. The high resolution scanning electron microscopy (SEM)
images showed the formation of 5 nm-sized CH3;NH3PbBrs nanoparticles on the
Al20ssurface. An intense PL emission peak at 523 nm was observed when 1 wt
% of the precursor solution was used. However, the PL intensity decreased at
higher concentrations, attributed to the formation of the CH3;NH3sPbBrs bulk
material. No luminescent nanoparticles were obtained in mesoporous TiO; and
SnO; films.

Factors such as concentration of the perovskites precursors, solvent, spin-coating
speed and drying temperature can affect the infiltration of precursor solution into
the porous films, and, as a consequence, the formation of the nanoparticles.
Although the template method provides an interesting tunability of the average
size of CH3NH3PbX; perovskites nanoparticles through the pore size control of
the mesoporous matrix, the stability and integrability of CHsNH3PbX3
nanoparticles into functional devices beyond solar cells were not studied until
2013.

Remarkably, no strategy to prepare colloidal perovskites nanoparticles with 3D
inorganic framework had been reported before 2013. Therefore, this was the first

objective of this doctoral thesis.
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1.3.2 Two-dimensional perovskites nanoparticles

Contrary to perovskite with 3D inorganic framework, there were several strategies
reported to prepare perovskite with 2D inorganic framework, both as suspension
and powder, by the time of this thesis was initiated.

Boissiére et al.l"? reported in 2009 the preparation of (RNH3).PbX4 (X = Br, I; R=
phenylethyl, cyclohexylmethyl, and 1-adamantylmethyl) by fast nebulization and
subsequent lyophilization of the perovskites precursor in dimethylformamide
solutions. The polydispersed spherical nanoparticles (average size of 60 nm)
proved to be dispersible in hexane and photoluminescent at room temperature, in
addition they showed good stability under UV irradiation. The optical properties
of these nanoparticles were similar to those of the bulk prepared as thin films.
However, this method lacked of morphology and size control of the HOIP
nanoparticles; this was ascribed to the polydisperse character of the sprayed

droplets.

Later on, Prakash et al.[’®l reported the preparation of (Ci2H2sNHs).Pbls and
(CsHsC2H4NHs3)-Pbls nano- and micro-crystals (size range from 20 nm to several
microns) through intercalation of the organic moiety into vacuum deposited Pbl,
nano-/micro-crystals by using short intercalation times. The 2D perovskite
exhibited a considerable photoluminescence at room temperature in methanol,
ethanol, and acetonitrile (PL maximum centered at 497 nm and 517 nm,
respectively). Comparison between the PL of (C12H2sNH3).Pbls nanocrystals and
that of the thin film showed that the nanocrystals preserved all the optical features
of the thin films.

Nanocrystalline/microcrystalline materials based on Pb(BrxXi.x)3 and Pb(ClXi-
w3 (X= Cl, Br, I; x=0-1) were reported by Papavassiliou et al.["¥l They were
prepared by injection of solutions or by using melts of the corresponding
perovskite bulk material with 2D and 3D inorganic frameworks, such as
(CH3CsH4CH2NH3).PbBrs  and  CHsNHsPbBrs  for  preparation  of
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(CH3NH3)(CH3CsHiCH2NH3),Pb,Br7,  into  toluene  or  toluene/poly-
methylmethacrylate (PMMA), under vigorous stirring at room temperature. The
corresponding nano/microparticles were obtained in the form of powders by
centrifugation and decantation from the suspensions in toluene. Besides, films
were prepared by the drop-casting, deep-coating and/or spin-coating techniques,
from suspensions in toluene/PMMA. Thus, this strategy made it possible to obtain
blue to red emitters as suspensions, powders, and films by varying the halide

composition of the bulk.

Soon after the same group reported the preparation  of
nanocrystalline/microcrystalline  (100-200 nm) (CH3NHs;)(1-napthylmethyl
ammonium)2Pb.Cl; particles by using a mixture of CHs;NHsPbCl; and (1-
napthylmethyl ammonium).PbCl,.’®1 The suspensions and thin films of
(CH3NHs)(1-napthylmethyl ammonium),Pb,Cl; showed a broad phosphorescence
band (at ca. 500, 536, and 577 nm), which was ascribed to the organic

chromophore.

1.4 Optoelectronic applications

The incorporation of HOIP with a 3D framework as the light absorber in liquid
dye-sensitizer solar cells started in 2009, when Miyasaka et al. demonstrated the
preparation of CH3NHsPbl; and CH3sNH3PbBrs dye-sensitized solar cells, with
power conversion efficiency (PCE) ca. 4 %.5! Interestingly, these HOIP were
prepared as nanomaterial into mesoporous film. The PCE was improved up to 6.5

% by optimization of perovskite deposition.[®

Nevertheless, these early reports showed the low stability of the CH3;NHsPbls
under continuous irradiation.[>%1 In 2012, the stability of the CHsNHsPbl; films
was addressed by Gratzel and Park et al./® by using a solid-state organic hole
conductor in the solar cell configuration, which reached a 9.7 % of PCE and
proved to be stable for 500 h. Almost at the same time, Snaith et al. " improved

the devices stability by using a thin layer of mixed lead halide CHsNH3sPbl.CI
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perovskites on a mesoporous Al.Oszthin film surface, with a PCE of 10 %. These
breakthroughs in solar cells attracted the interest of many research focused in
device engineering, thus a PCE of 15 % was obtained in 2013 by using perovskite
bulk thin films prepared by vapor deposition.2®!

Figure 1.8 shows the structural evolution of solar cell configuration until 2013,
from nanoparticles onto the TiO2 surface to a mesoporous film-free solar cell

structure in which the perovskite is capable of transporting charge.l®!

Hybrid lead halide perovskites can be prepared with remarkable properties, such
as wide absorption spectrum (up to 1.55 eV), high absorption coefficient, low
exciton binding energy, long electron and hole diffusion length (> 1 pm).[’]
Therefore, they have emerged as new solar cell absorbers, comparable with the
most efficient materials used in solar cell technologies such as GaAs, copper
indium gallium (di) selenide, crystalline silicon and CdTe, with efficiencies up to
25 %78

HTM

n=97% n=109% n=15% n=154%

Figure 1. 8. Evolution of device configuration in perovskite solar cells.
From left to right: the dye-sensitized solar cell, the thin layer of perovskite
deposited on mesoporous scaffold layer, the perovskite infiltration into
mesoporous film and the planar structure. Reprinted with permission from
Ref. [61 Copyright (2014) American Chemical Society.

In the case of electroluminescent devices, the first attempt of preparing HOIP-
based LEDs was reported by Era et al. in 1994 using the 2D (CsHsC2H4NH3)2Pbl.,
perovskite. The device, with a layer architecture of indium tin oxide (ITO) anode,
2D perovskite emitter, an electron transport layer (oxadiazole derivative, OXD?7)

and Mg/Ag cathode, showed an electroluminescence (EL) emission peak at 520
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nm with an intensity higher than 10 000 cdm? (turn-on at 24 V). However, this
strong EL was observed at the temperature of liquid nitrogen. /9%

Later, in 1999 Chondroudis, K. and Mitzi D. B.!¥ reported a LED device using
(AEQT)2PbCls, where the organic molecule R was designed based on the
oligothiophene moiety and ethylammonium (HoNC;H.C16HgS,CoHsNH,; AEQT).
The device ITO/(AEQT)PbCIls/OXD7/Mg20Ag/Ag (figure 1.9) exhibited a room
temperature green PL and EL emission (peak at ca. 530 nm) and a low turn-on

voltage as low as 5.5 V.

In 2011 Koutselas et al.[*! reported the LED device of (OL).PbX4 (X= Cl, Br and
I; OL is oleylammonium).The device exhibited an EL peak at 360 nm, 415 nm

and 475 nm for Cl, Br and | based perovskite, respectively.

Q
o

R Ag (1200 A)
RIS Mg,,Ag (800 A)
(TR OXD7 (200 A)

AEQTPBCI, (3000 A)

—[ 2 s
% 7 Si0, (1300 A)
ITO (1500 A)

Quartz 4

Intensity (arb. units)

460 560 600 760 8(’)0
Wavelength (nm)

Figure 1. 9. a) Schematic representation of the cross-section of the device
structure, b) electroluminescence (solid line) and photoluminescence
(broken line, excited at 360 nm) spectra of (AEQT)PbCl4. Adapted from Ref.
811 Copyright (1999), American Chemical Society
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2.1 Motivation of the thesis

By the time of this thesis started, hybrid organic-inorganic metal perovskites were
receiving a considerable attention as a result of their chemical flexibility, allowing
a band gap tuning in the visible spectrum through the appropriate choice of metal
atom and halogen atoms, or framework dimensionality. Moreover, they were
prepared easily at low temperatures by solution processing strategies.
Methylammonium lead halide perovskite (CH3sNHsPbX3, X= Br, I) in particular,
emerged as novel sensitizer materials for photovoltaic and optoelectronic
applications, due to their optical and electronic properties. The power conversion
efficiency in solar cells based on perovskites kept increasing since the first report
with the formation of CH3NH3PbX;nanoparticulate material on mesoporous metal

oxides, such as titania and alumina.

The optimization of the device structure had led to solar cells with efficiencies
around 15 % by using CH3NHsPbls bulk thin films. CHsNHsPbX3 perovskites,
both as confined nanomaterial and as bulk thin film, proved to function not only

as light absorber but also as electrons and/or holes carriers.

The particular properties of perovskites in the form of nanoparticles attracted great
interest due to their potential relevance in optoelectronic applications. The studies
of nanoparticles into mesoporous film demonstrated the formation of
photoluminescent CHsNHsPbBrs perovskite nanoparticles, attributed to the
qguantum and dielectric confinement effect on the nanoscale. Nevertheless, the use
of mesoporous scaffolds limited the integrability of the nanoparticles into

functional devices.

The lack of a suitable synthetic procedure to obtain colloidal perovskite
nanoparticles, either 3D or 2D inorganic framework, with sizes as small as several
nanometers (OD materials), motivated our interest in their preparation since

colloidal CH3NH3PbX; nanoparticles could enable among other applications, the
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preparation of new optoelectronic devices, with enhanced performance and/or
stability.

2.2 Aim

The aim of this thesis is the synthesis of highly photoluminescent colloidal
organic-inorganic lead bromide perovskite nanoparticles by means of a non-
template approach and exploration of their processability into conductive

materials.

The objectives developed in this thesis are:

= To synthesize colloidal 3D-methylammonium lead bromide nanoparticles,
CHsNHsPbBrs, with high photoluminescent quantum yield and
(photo)stability.

= To explore the preparation and processability of two-dimensional hybrid lead
bromide (RNH3)PbBr, perovskites.

= To explore the self-assembly of colloidal CHsNHsPbBr; nanoparticles into

nanoparticles solid films and evaluate their conductive properties.

= To synthesize colloidal, organic ligand-free CH3;NHs;PbBr; nanoparticles and

explore their assembly and conductive properties.
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In this chapter, the techniques used to characterize the optical properties,
crystalline structure, morphology and elemental composition of the colloidal
perovskite nanoparticles, as well as those used for the conductive characterization
of the nanoparticles solid films, are presented.

3.1. Optical characterization

3.1.1 Ultraviolet-visible absorption spectroscopy

The ultraviolet-visible (UV-vis) absorption spectra of the colloidal nanoparticles
were recorded to characterize their optical properties as well as to obtain
information on their colloidal stability in organic solvents. The spectra were
registered using secoman Uvi Ligth XT5 spectrophotometer. Moreover, the UV-
Vis spectra of nanoparticles solid films described in chapter 6 and 7 were
registered in a JASCO V-670 spectrometer with horizontal integrating sphere
(PIV-757).

3.1.2 Photoluminescence

Steady-state photoluminescence (PL) spectra. The PL spectra of the nanoparticles
were recorded in order to study the intrinsic recombination processes. The PL
spectrum of the colloids were measured in a quartz cuvette (10 mm) under air
atmosphere (unless otherwise indicated) by using a spectrofluorometer PTI (LPS-
220B, motor driver (MD-5020), Brytebox PTI), equipped with a Xenon lamp (75
W). The Felix 32 analysis software was used to register the data. The excitation

wavelength (Lexc) used for these measurement was 350 nm (330 nm in chapter 5).

The PL spectra of the nanoparticles solid films on a glass substrate were registered
on a Hamamatsu C9920-02 absolute PL Quantum Yield Measurement System
(Aexc =350 nm).

Time resolved PL. The PL kinetic decay of colloidal nanoparticles and films were
recorded using a compact fluorescence lifetime spectrometer C11367,
Quantaurus-Tau with a pulse light emission diode source of 340 nm. The average

lifetime was obtained from the tri-exponential fitting, with a function of time (t),
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Eq. 2, where tiand a; represent the lifetime and the amplitude of each exponential

component, respectively.

HOEDITACES Eq. 2
The average recombination lifetime (tay) was estimated with the tiand o values

from the fitted curve data according to Eq. 3.

.72
T (av) = Lot Eq. 3

Yap T

3.1.3 Photoluminescence quantum yield

Photoluminescence quantum yield (PLQY) is defined as the ratio between the
photon emitted and the photon absorbed by the sample. To measure the PLQY,
diluted dispersions of nanoparticles in toluene (absorbance ca. 0.1 at 350 nm) were
prepared. In addition, dye solutions of 9,10-diphenylanthracene (PLQY =91 % in
cyclohexane at Aexc = 355 nm ) and fluorescein (PLQY= 86 % in NaOH 0.1 M at
hexc = 465 nm) were used as fluorescence standards. 2

The PLQY of the colloids and films were recorded using a Hamamatsu absolute
PL Quantum Yield Measurement System (C9920-02), equipped with
monochromatic light source (150 W) and an integrating sphere. The excitation

wavelength used was 350 nm.
3.1.4 Photostability assays

Studies on the photostability of the colloidal nanoparticles under continuous UV-
Vis irradiation (described in chapter 4, 5 and 6) were carried out at room

temperature using three different irradiation sources:

o Fluorimeter Xenon lamp: the toluene dispersion of nanoparticles in quartz
cuvettes (10 mm) was placed in the sample-holder of a PTI- LPS-220B
spectrometer equipped with a xenon lamp (75 W). The samples were
irradiated with UV-light (Aexc = 350 nm and 330 nm in chapter 4 and 5,
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respectively). The Felix 32 analysis software was used to register the data of
the PL intensity as a function of the irradiation time.

o Visible lamps (UV-A): In chapter 4 (section 4.2) the toluene dispersion of
nanoparticles in quartz cuvettes (10 mm) was irradiated with eight UV-A
lamps (316-400 nm, maximum at 351 nm); intensity 5.3 mWcm?, in a
Luzchem photoreactor. The PL spectra (Aexc = 350 nm) were recorded at room
temperature every 3 min.

o Visible lamps: In chapter 4 (section 4.3) the toluene dispersion of
nanoparticles in quartz cuvettes (10 mm) were irradiated with eight visible
lamps (380-490 nm, maximum at 419 nm), intensity 70.02 Wm (in the 401-
700 nm range) in a Luzchem photoreactor equipped. The PL spectra (Aexc =

350 nm) were recorded at room temperature every 5 min.

3.2. Structural and morphological characterization
3.2.1 Powder X-ray diffraction

The analysis of the crystalline structure, phase, lattice parameters and crystalline
grain size of the nanoparticles was performed by using powder X-ray diffraction
(PXRD). The diffraction spectra were recorded on a Bruker D8 Advance A25
diffractometer using Cu Ko (A= 1.54060). The powder diffraction pattern was
scanned over the angular range of 2-80° (20) with a step size of 0.020°, at room

temperature.

The crystalline grain size of the nanoparticles were estimated by the Debye—
Scherrer equation (Eq. 4), where D is the average crystallite size, A is the X-ray
wavelength, k is the Scherrer constant, § is the full width at half maximum (fwhm)
of the diffraction peak (in radians) and 0 is the angle at which that reflection

occurs.

kA

b= BCos 6

Eq. 4
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3.2.2  High Resolution Transmission Electron Microscopy

The analysis of the size and shape homogeneity and the crystalline structure of the
nanoparticles were performed using high resolution transmission electron
microscopy (HRTEM). The samples were prepared by drop casting (about 20 uL)
of the nanoparticles dispersion in toluene on a carbon-coated copper grid (200
mesh). The images were acquired using a Field Emission Gun (FEG) TECNAI
G2 F20 microscope, operated at 200 kV.

3.2.3  Scanning Electron Microscopy

The morphology of the surface of nanoparticles solid films and their thickness
were analyzed by scanning electron microscopy (SEM). The images were
recorded using a field emission scanning electron microscope HITACHI S-4800,
at 20 kV. In addition, the chemical microanalysis of the nanoparticles and films
were performed by energy-dispersive spectroscopy (EDX) on HITACHI S-4800,
equipped with XFlash 5030 Bruker detector and acquisition software QUANTAX
400.

3.3. Chemical composition analysis

3.3.1 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) technique measures the kinetic
energy of photoelectrons originating from core and valence band energy levels
and is highly sensitive to atoms at or near the surface of the material. The energy
of the photoelectrons, i.e. the peak position in binding energy scale (in eV), is used
for elemental analysis. In the core-level spectra, the position of atoms from
different chemical elements is different. Moreover, the differences (in eV), i.e. the
chemical shift, in the binding energy of a specific element enables to identify its
local chemical environment and the electronic structure. Furthermore, a
quantitative analysis of the surface composition can be performed from the peak
intensity or area of the spectrum of the photoelectrons detected, which is

proportional to the amount of the element in the sample.
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In this thesis, the XPS technique was used to study the surface properties and to
determine the molar ratio of the elements in nanoparticles capped with different
organic ligands (chapter 4 and 6). The core-level spectra of Pb 4f, Br 3d, N 1s, C
1s and O1s were analyzed. The Pb/Br ratio in the nanoparticle was quantified
through the analysis of the peak area of the Pb and Br bands. The analysis of the
other elements can provide information about the nature of the ligand and the kind

of interaction between the ligand and the perovskite nanoparticle surface.

The measurements were carried out in solid state, using an X-ray photoelectron
spectrometer Phoibos 150-9MCD. The incident radiation was 50 W. The C 1s

peak at 285 eV was set as a reference for all the XPS peak positions.
3.3.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) measures the amount of weight change of a
material as a function of the temperature. The percentage of organic and inorganic
components of the nanoparticles (and supernatants) was studied by TGA. The
heating curves were recorded on Mettler Toledo TGA/SDTA 851e system. The
samples were heated from 25 to 800 °C, with an increase of 10 °C/min, under

nitrogen flux of 40 mL/min.

The heating curves of individual perovskite precursors (CH3;NH3:Br, PbBr»),
organic ligands, solvent, as well as the amines used for the ammonium salt
preparation, were used as standards for the analysis of the perovskite nanoparticles

composition.
3.3.3  Proton nuclear magnetic resonance spectroscopy

The quantification of the organic cations in the perovskite nanoparticles was
performed using *H NMR. The spectra were collected at room temperature in a
Bruker DPX300 spectrometer, with a 300 MHz Bruker magnet (7 T). The

chemical shifts (3) are reported in ppm relative to tetramethylsilane.
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First, the colloidal nanoparticles were precipitated by centrifugation (at 7000 rpm)
and the resulting nanoparticles powder was reverted back into the precursors by
dissolving it in deuterated dimethyl sulfoxide.

Then, the *H NMR spectra were analyzed to determine the molar ratio of the
different organic components of the nanoparticles. Finally, the composition of the
perovskite nanoparticles was possible by combining these results with the

contribution of the inorganic material (i.e. PbBry) in the TGA.

The supernatants were also analyzed by TGA and *H-NMR. The resulting data

made it possible to determine the chemical yield of the perovskite nanoparticles.

3.3.4 Attenuated Total Reflection-Fourier Transform Infrared

spectroscopy

The attenuated total reflection-fourier transform infrared spectroscopy (ATR-
FTIR) technique provides information related to molecular structures and
interactions. Hence, the interaction of the host-guest system described in chapter
6 was studied using this technique. The spectra were recorded using a FTIR
Thermo Nicolet Nexus spectrometer at room temperature with 64 scans and a
resolution of 4 cm™ between 400 and 4000 cm™X. The nanoparticles were deposited
by drop casting from hexane dispersion at room temperature, whereas the

cucurbit[7]uril powder was directly deposited on the crystal.

3.4. Preparation of nanoparticles solid film

Spin-coating. The photoluminescent films described in chapter 4 and 5 were
prepared by following a similar procedure to that of the one-step solution
processed technique described in chapter 1, figure 1.7. First, the quartz substrates
used were cleaned using a detergent solution, demineralized water and isopropyl
alcohol, followed by treatment with UV-ozone for 90 min and oxygen plasma
treatment for 10 min. Then, a dispersion of the nanoparticles in toluene was spin-
coated on top of the quartz substrate at 1000 rpm during 30 seconds and the film

was dried at room temperature.
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Centrifugal casting. In chapter 6 and 7 the preparation of nanoparticle solid films
was attempted by the centrifugal casting method.®®! To prepare the film, first a
dispersion of the nanoparticle in toluene was prepared with a final volume of 5
mL (or 10 mL in chapter 7), then the colloid was added to a conical centrifuge
tube (50 mL) containing a glass slide substrate (1.5 cm?) at the bottom, and the
sample was centrifuged (6 min at 6000 rpm) in an Eppendorf Centrifuge 5804 R.
Thereafter, the supernatant was pipetted out and the glass substrate with the
deposited nanoparticle was carefully washed with toluene and allowed to dry
under saturated toluene atmosphere (or ethyl acetate in chapter 7), at room

temperature.

Moreover, the nanoparticles solid films used for the analysis of conductive atomic
force microscopy (AFM), were prepared on indium-doped tin-oxide (ITO)
substrate. All the glass substrates were first cleaned ultrasonically in detergent
solution, then in demineralised water and finally in 2-propanol baths. Finally, they

were dried under nitrogen and immediately placed into the conic tube.

3.5. Preparation of electroluminescent devices

The electroluminescent devices described in this thesis were prepared and
characterized by the research members of the group directed by Dr. Hendrick Jan
Bolink, from the Instituto de Ciencia Molecular (ICMoL) of the Universitat de

Valencia.
The devices described in chapter 4 were prepared as follows:

Materials: The commercial materials used for the preparation of the devices were
used as received: aqueous dispersion of PEDOT:PSS [poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate)] Clevios PVP Al 4083 from
Heraeus); aluminium oxide nanoparticles (particle size <50 nm, 20 wt. % in
isopropanol, Aldrich); SPPO13 (2,7-bis(diphenylphosphoryl)-9,9'-
spirobi[fluorene], Luminescence Technology Corp.) and pTPD (Poly[N,N'-bis(4-
butylphenyl)-N,N'-bis(phenyl)-benzidine], American Dye Source Inc.).
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O

Control device: A layer of Al20Os nanoparticles was coated by spin-coating (at
2000 rpm) on ITO substrate from a dispersion of 1:2 isopropanol:ethanol v/v.
Then, the sample was sintered at 300 °C during 2 hours. Then, the
CHsNHsPbBrs; perovskite layer was coated using a two-step process: first, a
solution of PbBr, (50 mg/mL) in dimethylformamide was spin-coated (at
1500 rpm) on the Al,O3 nanoparticle layer; second the substrate was dipped
in a CH3NH;Br solution in 2-propanol (10 mg/mL). Finally, the SPPO13 layer
was prepared by spin-coating (1000 rpm for 60 s) of a solution of 10 mg/mL
in anisole.

Nanoparticles device: A layer of PEDOT:PSS (80 nm) was spin-coated on
the ITO-glass substrate. Then, a chlorobenzene solution of pTPD (7 mg/mL)
was used to coat the layer (at 2000 rpm during 30 s), which was annealed at
180 °C (30 min) and subsequently washed (3 times) with chlorobenzene at
2000 rpm. The perovskite layer was prepared from toluene dispersion of

CH3NH3PbBr3 (Poa) nanoparticles in toluene (4 mg/mL).

Finally, all the devices were transferred into an inert atmosphere glove-box, where

the barium/silver electrode was thermally evaporated using a shadow mask. The

size of the device was 6.5 mm?.

The LED device described in chapter 6 was prepared as follows:

O

The ITO substrate was coated with a 40 nm thick PEDOT:PSS film in air, and
annealed at 150 °C for 15 minutes. After deposition of the nanoparticle films
by centrifugal casting, the electron transport layer (1,3-bis[3,5-di(pyridin-3-
yl)phenyl]benzene, BmPyPhB) and the top metal electrode (5 nm Ba layer
capped with 100 layer nm Ag) were thermally evaporated in a high vacuum

chamber with a base pressure of 10°® mbar.

The devices were characterized in a nitrogen filled glove box. The current density

and luminance versus voltage characteristics were measured using a Keithley

2400 Source-Meter and a photodiode coupled to a Keithley 6485 pico-ammeter.

38



Chapter 3. Characterization Techniques for Perovskite Nanoparticles

All the substrates used were cleaned ultrasonically in detergent solution, water
and isopropyl alcohol baths. After drying, the substrates were placed in a UV-
ozone cleaner (Jelight 42-220) for 20 min. In addition, the transport measurement
described in chapter 7 were performed using substrates of pre-patterned
interdigitated 1TO electrodes (Naranjosubstrates) coated on glass. The electrical
characterization was performed in the dark. The current density has been

calculated taking into account the channel width and the film thickness.

3.6. Atomic Force Microscopy

The atomic force microscopy (AFM) enables to correlate changes in
optoelectronic properties with morphological features at the nanoscale. This
technique measures the interacting forces between the cantilever equipped with a
probe (sharp tip with radius <10 nm) and the sample. Piezoelectric drives control
the sample and the cantilever, and the bending is quantified by a laser, which is
reflected off by the cantilever during the scan. The AFM can be operated in three
different modes: contact, tapping and non-contact mode. The operating mode is
selected based on the degree of proximity between the probe and the sample, the

physical properties and the stability of the sample to be studied.

Topographic AFM. The topographic analysis is used to characterize the
morphology of substrate or nanoparticles. The average grain size and root mean
square (RMS) roughness are two parameters that provide information about the
morphology uniformity and quality of a film. These features are important in the
study of HOIP films. Moreover, this technique provides information about the
stability of the sample by following the morphological changes over time.

In chapter 5 the morphology, size and aggregation dependence of the
nanoparticles deposited on silicon substrate were studied. The topographic AFM
images were recorded in tapping mode using a Di NanoScope 1Va Controller
(resonance frequency of 300 KHz, force constant of 40 N/m). A tip radius of 10

nm and tip-to-face angle (y) of 19.4° was used to estimate the experimental width.
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The nanoparticles were deposited on silicon wafer by drop casting at two
concentrations in toluene i) 2 mg/mL and ii) fiftyfold more diluted. These
substrates were previously sonicated for 10 minutes in a freshly prepared
H202:NH4OH:H>0 (1:1:2) solution and the process was repeated three times using
new solutions. Then, they were sonicated for 10 minutes in deionized water and

dried under a nitrogen stream.

Conductive AFM. The conductive atomic force microscopy (c-AFM) allows the
simultaneous determination of local conductivity and topographic maps of the
same area of a sample. This technique measures the current between the
conducting cantilever and the sample. The correlation between the local
conductivity and the surface morphology of nanoparticle solid films prepared by
centrifugal casting is commented in chapter 6 and 7. The topographic and current
mapping were registered in dark and at room temperature, using an atomic force
microscope Park Systems NX20, equipped with Pt-Ir coated Si tips (CONTSCPt,

diameter of 7 nm).
Two different operating modes were selected:

o Contact mode: In chapter 6 the topographic and current mapping of
nanoparticle solid films were measured in contact mode, using a resonance
frequency of 31.998 kHz and a spring constant of 0.2 Nm*. We first tested
the suitability of the contact mode scanning. As no tip-sample deterioration
was observed, the measurements were performed using this scanning mode.
The c-AFM mapping was recorded at different voltages bias (from £0.5 V to
+4.5 V) and at scan rates of 0.6 Hz.

o PinPoint conductive mode: In chapter 7 we use the PinPoint scanning mode
after observing the deterioration of the nanoparticle solid film when using the
contact mode. The PinPoint is a gentle scanning mode that allows acquiring
reproducible and reliable topography and c-AFM images of film surfaces,
operating in an approach-retract manner, figure 3.1. The difference with

tapping mode is that the contact mode tip used is not oscillating and the tip
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retracts and approaches at each pixel rather than adjusting the tip height to
maintain a constant oscillation amplitude, bringing highly reproducible

. Feedback control
Probe&
Electronic

images.

1I P I controller

Figure 3. 1. Simplified diagram of conductive AFM in PinPoint conductive
mode, the tip approaches to the surface of the nanoparticles film (deposited
on conductive substrate) until a predefined threshold point is reached, and
then retracts at each pixel point.

Experimentally, the measurement were carried out approaching the tip to the film
over a period of 2 ms to achieve an interaction force of 0.24 nN, the force was
held constant while the current was registered (twice) at 17 kHz. Then the tip
retracted (over a period of 2 ms) and moved to the next pixel. The control height
(set to 0.15 um) at constant force is also recorded to generate a simultaneous
topographic image. Different voltages bias were applied (from+ 1.5V to £5.5V)
using a scan rates of 0.23 Hz. The current intensity as a function of the voltaje (I-
V) were registered using a current compliance of 10 nA and sample bias from +6
V to -6 V with a period of 1.0 sec.

The current was measured directly after the tip approach by using a preamplifier
with a gain of 1011 V/A (ULCA). Data acquisition was carried out using
SmartScan software (version 1.0) and XEI Data Processing and Analysis software
(version 4.3.0) Build2 (Park Systems Corp). The NX20 equipment is supported
by an Active Vibration Isolation System (AVIS) model AVI-200S/LP (Table
Stable Ltd).
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4.1, Introduction

The first objective of this thesis was the synthesis of colloidal CH3NHsPbBr3
perovskite nanoparticles by a non-template strategy. The preparation of the
colloidal nanoparticles was based on the synthetic procedure already reported for
colloidal inorganic semiconductors, such as CdSe.[%36484 The general approach
for the synthesis of colloidal CdSe nanoparticles includes the heating of specific
high-boiling point organic solvents (such as octadecene), and the organic ligand
(such as oleic acid and oleylamine), followed by the injection of the
semiconductor inorganic precursors. The solvent acts as stabilizing agent at high
temperatures. The organic ligand acts as capping ligand, controls the growth of
the nanoparticle, prevents their agglomeration and makes them dispersible in

organic solvents.

We envisaged that the mixing of a good capping agent with perovskite precursors
(i.e. CH3NHsBr and PbBr,) would favor the formation of perovskite nanoparticles.
The ligand would limit the growth of the 3D inorganic framework at the
nanometric scale and, at the same time, passivate the surface of the nanoparticles.
To this aim, a binary ligand system consisting of a medium- to long-alkyl chain

ammonium cation and oleic acid was chosen.

In this chapter, the conditions studied for the preparation of green
photoluminescent colloidal CHsNHsPbBrs nanoparticles under mild conditions, as
well as the composition and morphology characterization of the nanoparticles are

presented.

The effect of the components molar ratio and the length of the alkyl chain
ammonium, as well as of the non-coordinating solvent on the synthesis, stability
and unique optical properties of colloidal CHsNHsPbBr; nanoparticles are
described. Furthermore, their fully characterization by a combination of different
techniques such as UV-Vis absorption, time-resolved and steady state
spectroscopy, as well as HRTEM, PXRD, TGA and *H NMR, is included.
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4.2.Synthesis of colloidal CH3NH3sPbBr3; perovskite nanoparticles by a non-
template strategy

The synthesis of the colloidal nanoparticles was carried out by a hot-injection
method. Briefly, a mixture of oleic acid (OLA) in 1-octadecene (ODE) was stirred
and heated at 80 °C. Then, the alkyl chain ammonium bromide was added,
followed by the addition of CHs;NHz;Br and lead bromide dissolved in
dimethylformamide. Finally, acetone was added to induce the precipitation of
nanoparticles and the unreactive material was separated by centrifugation, see

experimental section for further details.

To determine the best molar ratio between the ammonium salts, preliminary
assays were performed by using octadecylammonium bromide (ODABY). Thus,
the suitability of the ODABr:CHs;NHsBr molar ratios of 0.5:0.5, 0.6:0.4 and
0.7:0.3 was studied, whereas the molar ratio between the total ammonium salt
(CH3NH3Br plus ODABT) and lead bromide (PbBr2) was fixed at 1:1. The optimal

molar ratio was 0.6:0.4.

The perovskite nanoparticles, Popa (P refers to perovskite and ODA to
octadecylammonium cation), dispersed in toluene showed the absorption peak
maximum at ca. 525 nm, in agreement with the value reported for nanoparticles
into mesoporous film.! The PL emission spectrum exhibited a symmetrical peak
at 526 nm (figure 4.1), and additional peaks at lower wavelength (below 500 nm);
this is consistent with the competitive formation of low-dimension perovskites by
the presence of the long alkyl chain of ODA 1304285861

Strikingly, when using medium length octylammonium bromide (OABr), the
spectrum of the nanoparticles did not show any additional peaks, figure 4.1. These
nanoparticles, termed as Poa (OA refers to octylammonium) exhibited high
dispersibility in toluene, a symmetric and narrow PL emission peak at 530 nm
(fwhm = 21 nm) and a PLQY of 17 % (figure 4.1 and 4.2). The blue-shifted
absorption peak (at 527 nm) of Poa, compared with that of CHsNHsPbBrs bulk
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(~540 nm), was attributed to the particle-size quantum confinement effect in the
CHsNHa3PbBr3 nanoparticles.
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Figure 4. 1. a,c) Absorption and b,d) PL emission spectra of the
CH3NHsPbBr3 nanoparticles Popa (a,b) and Poa (c,d) dispersed in toluene.

a

Figure 4. 2. Comparative images of toluene dispersion of CHsNHsPbBrs;
nanoparticles Poa (left) and Popa (right) under a) lab light and b) UV-light.
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The HRTEM images of Poa confirmed the formation of highly crystalline
spherical nanoparticles with an average size of 6 nm, figure 4.3. The PXRD
pattern of Poa fit to the cubic phase of CHsNHs;PbBr; perovskite (a = 5.9334 (5)
A, space group = Pm3m).['t138788] This result was consistent with the lattice
spacing and fast Fourier transform (FFT) patterns observed in the HRTEM image
of individual nanoparticles (figure 4.3).

Furthermore, the EDS analysis showed a Br/Pb ratio of 77/23, which is consistent
with a CH3sNH3PbBr; stoichiometry. This was the first example of the preparation
of 3D hybrid lead halide perovskites nanoparticles (i.e. 0D material) using a hon-
template strategy (Journal of the American Chemical Society 2014, 136, 850-853).
Additionally, it showed that, contrary to CdSe, these nanoparticles did not need a

shell of inorganic material to achieve a PLQY of ca. 20 %.

’l,"'

."
._"_.“dm'zz)-uﬁ{l\ xt:

Figure 4. 3. a,c) HRTEM images of individual CH3sNHsPbBr; nanoparticles
(Poa); and b,d) their corresponding FFT analyses, showing the interplanar
distance from fringes of about 2.98 A (image a, b), 2.103 A and 1.87 A
(image c,d), attributed to (002), (022) and (031) family planes of cubic
phase structure of CH3NH3PbBr; with Pm3m space group, respectively.
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The main features of CHsNH3PbBrz nanoparticles prepared in this study using OA
as ligand are: i) improved emissive properties compared with those with ODA,;
this indicate the key role of the alkyl chain length of the ammonium ligand, ii)
high dispersibility in aprotic solvents (such as toluene, hexane, tetrahydrofuran,
chloroform and ethyl acetate); iii) stability in the solid state for more than three
months and iv) a remarkable stability under continuous UV irradiation (figure
4.4).
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Figure 4.4. PL intensity as a function of irradiation time of Poa
nanoparticles in toluene (A.,= 528 nm): a) under UV-A lamp irradiation
(Aexe maximum at 351 nm) for 60 minutes; b) Under continuous fluorimeter
excitation lamp (Ae.= 350 nm) for 160 minutes.

In collaboration with Dr. Hendrik Jan Bolink, we prepared thin films from
colloidal nanoparticles. Interestingly, the nanoparticle thin film, prepared by spin-
coating from the dispersion of Poa nanoparticles in toluene, exhibited a narrow PL
emission peak at 533 nm (fwhm 22 nm) and a PLQY of 23 % (figure 4.5 a).

Later on, a light-emitting device was prepared in an architecture of
ITO/PEDOT:PSS/pTPD/CH3sNHsPbBrs nanoparticles/Ba/Ag. For comparative
purposes a device with a CH3NHsPbBrs bulk film was prepared with an
architecture of 1TO/Al,O3s/CHsNHsPbBrs-bulk/SPPO13/Ba/Ag (see chapter 3).

Remarkably, the electroluminescent device based on the photoluminescent
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CH3sNHa3PbBr3 nanoparticles film exhibited an improved EL, up to 10 times, than
that of the CH3sNH3sPbBr; bulk. The device based on nanoparticles exhibited an
EL emission peak centered at 528 nm (figure 4.5 b) and this was the first example

of an electroluminescent device from 3D perovskite nanoparticles.
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Figure 4. 5. a) Room temperature PL emission spectrum of a thin film
prepared using colloidal CH3sNH3PbBrs nanoparticles (Poa). b) Room
temperature electroluminescent  spectrum of  the device
ITO/PEDOT:PSS/pTPD/CH3NHsPbBrs nanoparticles/Ba/Ag registered at
6V.
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4.3.Photoluminescent enhancement of colloidal CH3NHsPbBr; perovskite

nanoparticles

The hot-injection method® was subsequently adopted by several groups to study
the applications of the nanoparticles in the preparation of chemical sensor® and
light-emitting electrochemical cells.!

Encouraged by our previous results in the synthesis of colloidal CHsNHsPbBrs
perovskite nanoparticles, we then focused on improving their optical properties
and dispersibility, taking into account the fact that surface states would be highly
accessible for passivation treatment.[5264 The role of the molar ratio of the
perovskite precursors (CHsNH3Br, PbBr,) and the organic ligands (OLA and alky!l
ammonium salt) was studied. In addition, the effect of the length of the alkyl chain
ammonium ligand was evaluated by using different organic cations such as
ethylammonium (EA), hexylammonium (HA) and octadecylammonium (ODA),
instead of OA (Journal of Materials Chemistry A 2015, 3, 9187-9193).

We envisaged that an increase in the CH3NH3Br/PbBr, molar ratio used in the hot-
injection method could be advantageous for the passivation of the nanoparticle
surface. Hence, following our strategy, first the molar ratio between the total
ammonium salts (CHsNHsBr plus OABr) and PbBr, was increased to 4:1, keeping
the OLA:PbBr, and ODE:PbBr, molar ratio of 3:1 and 63:1, respectively.

Table 4.1 summarizes the component molar ratio used and the optical features of
the CH3NHsPbBrs nanoparticles. Comparatively, a control sample (Pc) was
prepared under the same reaction conditions without adding any alkyl chain
ammonium ligand. As expected, the solid obtained was hardly dispersible in
toluene (figure 4.6). The colloid showed a PL peak maximum at 538 nm, i.e. ata
wavelength close to that of the bulk CH3NH3zPbBrs. This result re-emphasizes the
importance of the alkyl ammonium in the formation and dispersibility of the

nanoparticles.
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Table 4.1. Components molar ratio used in the synthesis of CHsNH3;PbBr3

perovskites nanoparticles and the optical properties of the nanoparticles

P Ligand? CH3sNHsBr PbBr.  ODE OLA PL" PLQYY PLQY®
(mmol) (mmol) (mmol)  (mmol) (mmol) (nm) ) )
Pc - - 0.24 0.1 6.26 0.3 538 - -
Poa1 6.26 0.3 513 67 34
Poa2 OA  0.16 0.24 0.1 6.26 - 520 83 72
Poas - 0.3 525 52 41
Pha HA  0.16 0.24 0.1 6.26 - 526 58 38
Pen EA 0.16 0.24 0.1 6.26 - ¢ - -
2 Long alkyl chain ammonium salt used in the synthesis. PL emission spectra (Aex= 350 nm) of toluene
dispersion. The perovskites prepared fit to cubic phase of CH3;NH3PbBrj; structure. ®An orange solid not
dispersible in toluene was obtained. “PLQY recorded at Aee= 350 nm. “PLQY of the nanoparticle thin
films.
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Figure 4. 6. Absorption spectra of the toluene dispersion of a) Pc b) Poai.
PL emission spectra (Aexe= 350 nm) of ¢) Pc toluene solution and b) Poas in

toluene () and film ().
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A more dispersible and emissive perovskites was obtained when using an
OABr:CH3NH3Br:PbBr, molar ratio of 1.6:2.4:1.0. The perovskite, labelled as
Poa1 (1 refer to the synthesis with OLA addition) exhibited a PL peak at 513 nm
(fwhm 31 nm), figure 4.6, and a remarkable increase of the PLQY (67 %).

Interestingly, an enhancement in the optical properties of CHsNH3PbBrs
nanoparticles was observed when the synthesis was carried out in the absence of
OLA, Poa2. Specifically, we found that i) the colloidal Poa2 absorption spectrum
showed a negligible scattering (figure 4.7), ii) the PLQY increased to 83 % for the
colloidal solution and 72 % for the film, and iii) the emission band of the Poaz

film was similar to that of the colloidal dispersion.
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Figure 4. 7. a) Absorption spectrum of CH3NH3PbBr3 Poa2, dispersed in
toluene. b) PL emission spectra of Poaz in toluene (o) and deposited on thin
film (¢). c,d) Image of toluene dispersion of Poa, nanoparticles under the
lab light (c) and UV-laser pointer excitation (d).

Less emissive colloids were formed in the absence of ODE (Poas, 52 %) and with
the shorter alkyl ammonium HA (Pua, 58 %); in addition, the films showed lower
PLQY than the colloid (38-41 %), table 4.1. Nevertheless, these PLQY values
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were still higher than those of our previous results (section 4.2). Moreover, a non-
dispersible solid was obtained when using EA, while ODA led to a perovskite

with a low-dimensionality.

Time-resolved photoluminescence spectroscopy analysis showed that Poaz

exhibited a considerably longer lifetime average (tav) than Poas, reaching values

close to 600 ns in solution and ca. 410 ns in film (table 4.2). Furthermore, similar

to our previous result, the toluene dispersion of the perovskite exhibited a high
photostability under continuous UV irradiation; the PL intensity only decreased

ca. 10 % after 540 minutes of continuous irradiation (figure 4.8).

Table 4. 2. Photoluminescence data of Poa; and Poa2 toluene colloids and

films.
a

e om o9 o0
Poa1 513 31 415 67
Poas film 526 36 344 34
Poaz 520 32 594 83
Poaz film 526 30 412 72
aPL decay traces recorded at lexe= 340 nm, in air.
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Figure 4. 8. a) PL intensity as a function of the irradiation time of Poa>
nanoparticles in toluene (A= 520 nm), b) PL emission spectra before and
after 540 minutes of irradiation; using continuous fluorimeter excitation

lamp (Aexe= 350 nm).

The HRTEM images of the perovskites prepared by using this approach confirmed

the formation of nanoparticles with an average size of 7 + 1.5 nmand 55 £ 15
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nm for the most emissive samples Poa1 and Poaz, respectively, figure 4.9. The

nanoparticles were embedded into amorphous material forming plaques.

X-ray photoelectron spectroscopy (XPS) analysis was performed to gain further
information of the nanoparticles. Table 4.3 summarizes the core-level binding
energies (in eV) of the peaks observed and their assignment. Overall, the XPS
spectrum of Poa2 showed slightly shifted peaks to higher binding energy than
Poai, as it is shown in figure 4.10 for Pb 4f, Br 3d and N 1s. This could be
indicative of a higher stability of Poai than Poa2. The XPS quantification analyses
revealed a Pb/Br atomic ratio of 68:32 and 73:28 for Poa1 and Poaz, respectively,
which are in agreement with the PXRD result for the cubic phase of the

CH3NH3PbBrs; structure (space group = Pm3m), figure 4.9.
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Figure 4. 9. HRTEM images of Poaz; scale bar of 0.2 um (a) and 50 nm (b);
inset image b: HRTEM image of Poa2 nanoparticles (scale bar 5 nm). c)
PXRD pattern of Poaz; the vertical bars correspond to the standard peaks
of cubic phase of CH3NH3PbBrs.
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Table 4. 3. XPS core-level peaks and deconvolution in their components of
Poa2 nanoparticles.

Element Poaz Assignment
Core-level BE (eV)?
Pb 4f 143.6 Pb 4 fs2
138.7 Pb 4 f712
136.8 Metallic Lead
Br 3d 69.1 Br 3d
N 1s 402.6 -NHs*
400.0 -NH2
C1ls 285.7 C-C/C-H; C=C
285.0 C-N*
O1s 532.9 O 1s
528.8 PbO
@ The XPS spectra were analyzed using the C peak at 285.0 eV as
the reference.
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Figure 4. 10. Comparison of the XPS spectra of Poa: (top) and Poa2 (down)
for Pb 4f (a,d), Br 3d (b,e) and N 1s (c,f). The dotted line indicate the slight

shift of the Poa2 peaks to higher binding energies.
Additional information of the perovskite composition was obtained from the TGA
and 'H NMR spectra. Whereas the TGA heating curve provided information on

the organic and inorganic weight percentage in the isolated mass, the 'H NMR
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was used to obtain information about the molar ratio between the organic
components in the perovskite nanoparticles (see chapter 3). Figure 4.11 shows the
comparative TGA heating curves and their corresponding 1% derivative of Poa1
and Poa2. The three weight losses observed were attributed to octylamine at ~200
°C, ODE plus the remaining ammonium salts (plus OLA in the case of Poai) at
~360 °C and lead bromide at ca. 600 °C (weight loss 56.6 %). Interestingly, Poa>
solid weight loss shifted to higher temperatures, suggesting a higher stability of

the nanoparticles components in the absence of OLA.
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Figure 4. 11. a,b) TGA heating curves of Poa1 (-) and Poaz (-), and their
corresponding 1%t derivatives. ¢) *H NMR spectrum of Poaz in deuterated
dimethyl sulfoxide; the signal of CHsNH3Br, OA, and ODE used for the
quantification are in indicated in green, cyan and yellow rectangle,
respectively.
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The *H NMR spectrum showed the signals of OA, CHsNH3Br and ODE (figure
4.11). The molar ratios were in agreement with the weight loss of the components
observed in the TGA curves. Taken together, we were able to determinate the

composition of the perovskite nanoparticles (table 4.4).

Table 4. 4 Components molar ratio in Poa, obtained from the TGA and *H-

RMN data
Reagent
synthesis Pon2 Molar ratio®
(mmol)? (mmol)® Component/PbBr
OABr 0.24 0.011 0.11
CHsNHsBr 0.16 0.131 1.37
ODE 6.17 0.025 0.26
PbBr2 0.10 0.088 1.00
2 Reagent added in synthesis. ®Components determinate in Poaz
nanoparticles. °The moles of PbBr2 was calculated by TGA.

In 2014, it was reported that the passivation of mixed CHsNHsPbls_«Cly perovskite
films with electron reach weak Lewis bases, such as thiophene and pyridine,
played a relevant role on their emissive properties by binding the under-
coordinated lead atoms, thus enhancing the photoluminescence and solar cell
performance of the perovskite.®2% Therefore, we hypothesized that the
ammonium moiety of octylammonium would bind the under-coordinated bromide
ions of the perovskite nanoparticles, while ODE would bind to under-coordinated
lead ions (via its double bond), thus passivating these defect sites and decreasing
the rate of non-radiative recombination processes at the perovskite surface, as well

as cooperating in their stability and dispersability in organic solvents.
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4.4, Conclusions

In summary, we reported for the first time the synthesis of colloidal CHsNHsPbBr3
nanoparticles. A medium alkyl chain ammonium salt was used to limit the growth
of the array that extends in 3D and to provide colloidal stability to the
nanoparticles. Green photoluminescent colloidal nanoparticles were prepared
under mild conditions with a photoluminescent quantum yield ca. 20 %. They
proved to be stable and dispersible in aprotic and moderate polarity organic

solvent and highly stable in solid state (up to three months).

In addition to this, photo- and electroluminescent thin films were prepared from
the colloidal nanoparticles. Interestingly, the nanoparticles film preserved the
optical properties of the colloid. These pioneer results opened the possibility of
multiple applications of the photoluminescent perovskite nanoparticles for the

preparation of optoelectronic devices by using low cost processing techniques.

Finally, CH3NHsPbBr; perovskite nanoparticles with a photoluminescence
guantum yield of 83 % was demonstrated through the fine tuning of the molar
ratio between the alkyl ammonium salts and lead bromide, in the absence of oleic
acid. The nanoparticles preserved their emissive properties in solid state and

exhibited high photostability under continuous UV irradiation of the colloid.
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4.5. Experimental section

Reagents. Lead bromide (99.999 %), methylamine (40 % in water), ethylamine
(299.5 %), hexylamine (99 %), octylamine (>99.5 %), octadecylamine (> 99 %),
hydrobromic acid (47 %), oleic acid, 1-octadecene and the solvents used were
purchased from Sigma-Aldrich and used as received.

Synthesis of alkyl ammonium salts. The alkyl ammonium bromide salts were
prepared by the equimolar addition of an aqueous hydrobromic acid (HBr)
solution to the amine CyH2n:1NH2 (n=1, 2, 6 and 8) in round bottom flask at 0 °C.
The mixture was stirred for 2 hours. Then the precipitate was filtered and the solid
washed with diethyl ether (three times). After filtration, the solid was collected

and dried at 40 °C in vacuum for 24 h.

In the case of the octadecylammonium bromide (C1sHs7NHsBr), it was prepared
by using a similar methodology but the amine was previously dissolved in
acetonitrile at 60°C and then hydrobromic acid (HBr) was added. The precipitate

was washed several times with diethyl ether and dried under vacuum (at 40 °C).

Synthesis of CH3NH3;PbBr3 perovskite nanoparticles by hot-injection method. The
colloidal perovskite nanoparticles Poa described in section 4.1 were prepared as
follows: a solution of oleic acid (OLA, 85 mg, 0.3 mmol) in 2 ml of 1-octadecene
(ODE, 6.26 mmol, 2.0 mL) was stirred and heated at 80 °C and then,
octylammonium bromide (OABr, 12.6 mg, 0.06 mmol) was added. Subsequently,
methylammonium bromide (CH3NH3sBr, 4.4 mg, 0.04 mmol) and lead bromide
(36.7 mg, 0.1 mmol) dissolved in dimethylformamide (100 uL) were added. The
molar ratio between the components OABr:CH3;NHsBr:PbBr, was 0.6:0.4:1.0

Thereafter, the nanoparticles were precipitated by addition of acetone and a yellow
dispersion was observed. Finally, the perovskite was separated by centrifugation

(7000 rpm, 10 min) and the solid was dispersed in toluene

Synthesis of CH3sNHsPbBr; nanoparticles by a modified method. The colloidal

perovskite nanoparticles Poa: described in section 4.2 and summarized in table
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4.1 were prepared as follows: a solution of oleic acid (OLA, 0.30 mmol, 85 mg)
in 1-octadecene (ODE, 6.26 mmol, 2.0 mL) was heated at 80°C under stirring.
Then octylammonium bromide (OABr, 0.16 mmol, 33.5 mg) followed by
methylammonium bromide (CH3NH3:Br, 0.24 mmol, 26.4 mg, dissolved in 100
pL of dimethylformamide) and lead bromide (0.10 mmol, 36.7 mg, dissolved in
200 pL of dimethylformamide) were added. The molar ratio between the
components OABr:CH;NH;Br:PbBr, was 1.6:2.4:1.0. The solution was cooled
down to 60 °C and immediately the precipitation of the nanoparticles was induced
by the addition of acetone (5 mL). The unreactive material was separated by
centrifugation (7000 rpm, 10 min, 20°C). Finally, the nanoparticles were
dispersed in toluene. The colloidal nanoparticles Poa2 were prepared following the
procedure described for Poa: but in the absence of oleic acid. The colloidal
perovskite nanoparticles Pea and Pua were prepared following the procedure
described for Poaz but using EABr or HABr instead of OABr and keeping the same

molar ratios of the other components.
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5.1. Introduction

As was previously described, the HOIP with 2D inorganic framework
(RNH3)2PbBrs have been extensively studied mostly as single crystals and thin
films.[224659.94] They show a facile preparation and structure tunability by varying
the organic cation and the inorganic layer composition. Few strategies have been
reported on the preparation of photoluminescent 2D perovskites as nano-
microcrystals. Polycrystalline particles with size from 20 nm to several microns
have been prepared by nebulization/lyophilization, intercalation and precipitation
from bulk powder. '>74 These particles proved to be dispersible in organic
solvents and showed similar optical features to those observed in thin films, such

as a narrow excitonic peak and intense photoluminescence.

After the successful synthesis of highly luminescent colloidal perovskites
nanoparticles with a 3D framework, we pursued the extension of the hot-injection
strategy to the synthesis of dispersible 2D perovskites nanoparticles. But in this
case, the alkyl ammonium salt would play a dual role: be part of the 2D inorganic
framework and act as ligand. The alkyl ammonium salts hexylammonium (HA),
octylammonium (OA) and octadecylammonium (ODA) were selected for this
study.

In this chapter, the synthesis and optical properties of colloidal blue-
photoluminescent 2D (RNHs).PbBr, perovskites as well as their processability are
presented (Journal of Materials Chemistry A 2015, 3, 14039-14045). The effect
of the organic RNH;* cations and the oleic acid addition on the synthesis, optical
properties and stability are described.
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5.2.Synthesis and optical properties of (RNH3),PbBr, perovskite

The synthesis of (RNH3),PbBrs was carried out by using the hot injection method
described previously.® Briefly, a mixture of OLA and ODE was heated under
stirring at 80 °C, then the alkyl ammonium bromide (RNH3Br) followed by PbBr;
were added. The RNHsBr:PbBr, molar ratio was 2:1. Finally, the precipitation of
the nanoparticles was induced by addition of acetone and the nanoparticles were

purified by centrifugation.

The perovskites with the longest alkyl ammonium ODA, Popa1 (1 refers to the
above mentioned conditions), exhibited high dispersibility in toluene. The
absorption and PL emission spectra showed a sharp and intense peak at 389 nm
and 397 nm (fwhm 13 nm), respectively. Moreover, the colloid showed a
remarkable PLQY ca. 21 % vs 12 % as thin film. The excitonic peak was
consistent with that of a perovskite with 2D inorganic framework (chapter 1, table
1.3). In contrast, much less emissive (PLQY not measurable) and dispersible
perovskites were obtained with the shortest ammonium cations OA and HA (Poas,
Pha1). They showed a broader absorption peak (ca. 400 nm), wider PL emission
with maximum at ca. 408 nm and a considerable long tail extending up to ca. 600

nm.

In order to study the effect of OLA on the optical properties of the perovskites,
the synthesis was carried out under the same conditions but in the absence of OLA.
Similar absorption and emission spectra features as well as dispersibility were
observed for the 2D perovskites (figure 5.1 and table 5.1); however, the perovskite
with a shorter alkyl ammonium, Poa2 and Puaz (2 refers to synthesis in the absence
of OLA), exhibited a measurable PLQY (ca. 1 %). Figure 5.2 shows the picture
of Popa2 perovskite (PLQY of ca. 20 %) dispersed in toluene under lab light and

UV laser pointer excitation.

Additionally, the synthesis was carried out under the same conditions that Popa:
but i) in absence of ODE and ii) halving the amount of ODE and OLA. The
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perovskites were less emissive (PLQY lower than 14 %); thus confirming the
importance of the ODE in the preparation of these 2D perovskite, similar to our
previous results with 3D perovskite nanoparticles (chapter 4). The optimal
condition for the synthesis of 2D perovskite nanoparticles in this study was in the
absence of OLA.

Table 5. 1 Optical properties of (RNH3),PbBr,4 toluene colloid

(RNHs)2PbBr4 Alkyl AP PL® PLQYY
ammonium salt*  (nm)  (nm) (%)
389 397 22.9

Pobair  (ODA)2PbBrs4 ODABr 389 397 20.1¢
390 397 19.8
Pobaz  (ODA)2PbBr4 ODABr 390 397 214¢
396 409 0.5
Poaz (OA)2PbBrs OABr 396 409 07¢
Puaz  (HA)PbBrs HABF 398 LN

398 408 0.5¢

2 Long alkyl chain ammonium salt used in the synthesis. ® Absorption maximum.
°PL emission maximum (Aexe= 330 nm).  PLQY (Aexc= 330 nm). *PLQY measured
under N, atmosphere.

The effect of the length of the organic RNH3* cations on the optical properties
followed the trend observed previously in thin films, i.e the excitonic absorption
peak blue shifts with the increase of the alkyl chain length, from 398 nm to 389
nm for Pua2 and Popaz, respectively (table 5.1).[2924%]

The time-resolved PL spectroscopy analysis of the three (RNH;3).PbBr.
perovskites dispersed in toluene (Aexe = 337 nm), under both nitrogen and air
atmosphere, showed a short lifetime t; of ca. 2.6 ns (contribution >97%), with a

negligible dependence on the presence of oxygen.

The photostability of the colloidal perovskites was studied by measuring the
evolution of its PL intensity as a function of the irradiation time using fluorimeter
lamps as the irradiation source (Aexc = 330 nm). Figure 5.3 shows that the PL
intensity decreases less than 7% for Popaz and Poaz; but more than 30 % for Puaz,
after 200 min of continuous UV irradiation under nitrogen atmosphere. These
results indicated that our synthetic approach yielded highly photostable Popaz

colloids.
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Figure 5. 1. Absorption and PL emission (Aexe= 330 nm) spectra of colloidal
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Figure 5. 2. Picture of toluene dispersion of Popaz under the lab light (left)
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Figure 5. 3. Comparison of the PL intensity as a function of the irradiation
time (Aexc= 330 nm) of Puaz (m), Poaz (V) and Popaz (¢) dispersed in
toluene. b) PL emission spectra of Popa2 before () and after (o) 240 minutes
of UV irradiation.

5.3. Characterization of (RNHs;),PbBr,4 perovskites

The HRTEM images of the perovskites showed the formation of small
nanoparticles coexisting with material forming plagues. The PXRD analysis,
performed in collaboration with Dr. Guillermo Minguez Espallargas, indicated the
formation of highly crystalline perovskites with intense diffraction peaks ascribed
to the (0 0 2I) reflections (figure 5.4), which appear at lower 26 values as the alkyl
chain of the ammonium cation increases. The diffraction pattern of the three
perovskites fit to the orthorhombic phase model of the 2D inorganic framework
(R-NHs),PbBr4; space group Pbca.® The calculated unit cell lattice constants are
described in table 5.2.[8781 The increase of the organic cations lengths does not
alter the in-plane lattice parameters, a and b, however the interlayer spacing c

increases linearly with increasing the alkyl chain length.[*39I

Table 5. 2. Calculated unit cell lattice constant of orthorhombic single-
phase model of 2D (R-NH3).PbBr, perovskites

(RNHs)2PbBr4 Lattice parameters (A)
a b c
Pra2 (HA)2PbBr4 8.19243 8.22189 37.73297
Poaz (OA)2PbBTr4 8.19642 8.24638 42.34463
Poba2  (ODA)2PbBr4 8.18840 8.27068 72.44761
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Figure 5. 4. PXRD pattern of a) Praz, b) Poa2 and c) Popa2. The top images
are the schematic representations of the (RNHs),PbBrs perovskites
frameworks.

Further analysis of the composition of the (RNHs).PbBrs perovskites were
performed by using TGA and *H NMR. The TGA heating curves and their
corresponding first derivative of Popazand Poaz showed three weight losses before
reaching i) 250 °C (41%), ii) 400 °C (35 %) and iii) 580 °C (20 %), figure 5.5.
They were attributed to the organic ligand (the alkyl ammonium plus ODE), the
ammonium in the perovskite framework and the lead bromide, respectively. This
result in combination with the *H NMR analysis of the perovskites (after their
precipitation and purification) and their supernatant, indicated that the dispersible
(RNH3).PbBr4 perovskites nanoparticles were capped with the ammonium salt
and ODE, and that the perovskites nanoparticles were obtained with a chemical
yield higher than 44 %.
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Figure 5. 5. Comparison of a) the TGA heating curves expressed as weight
% as a function of temperature and b) their corresponding 1% derivatives of
Popaz (black) and Poaz (purple).

5.4.Processability of perovskites

In order to show the versatility of the Popaz, the perovskite was subjected to
different processes as pictured in figure 5.6, without losing its optical properties.
First, the stability of the colloidal Popa2 perovskite after three

separation/redispersion in toluene was demonstrated, figure 5.6 (1 <>2).

oluene

Figure 5. 6. Picture showing the processability of the Popaz perovskite

We also demonstrated that Popa» can be dissolved back to the precursor in
dimethylformamide and then rebuilt after solvent evaporation (1<>3) or injection

into toluene (3->4). In the latter case, the formation of nanoparticles increased and
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the size of the plaques was smaller than 100 nm (see Popaznm in figure 5.7). The
colloidal Popazam €xhibited a narrower PL emission peak at 396 nm (fwhm 10 nm)
than Popa2 (figure 5.7), but the PLQY was lower (7 %).
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Figure 5. 7. Absorption (black) and PL emission (blue, Aexc= 330 nm)
spectra of Popaznp dispersion in toluene. b) HRTEM image (Scale bar = 20
nm).

Finally, perovskite films were prepared from the toluene dispersion of Popa2 0N a
glass substrate was demonstrated (2-5). The thin film of Popaz showed narrow
PL emission peak at 398 nm and PLQY of ca. 6 % (table 5.3). Similar features
were obtained for a film prepared from a dissolution of Popa2 back to the

precursors in dimethylformamide (3->5) (see Popaznp table 5.3).

Table 5. 3. Photoluminescence data of (RNHs3),PbBr, perovskites films

Films OA? PL® fwhm PLQY
(hm) (m)  (nm) (%)

Pobat 389 398 21 11.9

Popaz 389 398 19 5.8

Popaznp 390 403 22 6.3

& Optical absorption maximum. °PL emission maximum (Aex:=

330 nm).
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5.5. Conclusions

In conclusion, we demonstrated the preparation of highly crystalline, blue
photoluminescent and dispersible perovskite with 2D inorganic framework
(RNH3)2PbBrs by using the non-template approach. The length of ammonium
alkyl chain proved to be crucial not only in the 2D inorganic framework but also
in the colloidal stability of the perovskite.

The 2D inorganic framework perovskite prepared with the longer ammonium
cation, showed high dispersibility, photoluminescence (PLQY 20%) and
photostability under continuous UV irradiation of the colloid. These materials

proved to be easily processed and therefore of interest in optoelectronic devices.

5.6. Experimental section

Synthesis of dispersible perovskites. For the synthesis of Popa1, OLA (0.3 mmol)
and 2 mL ODE (6.26 mmol) were stirred and heated at 80 °C. Then
octadecylammonium bromide (ODABT, 0.2 mmol,) and lead bromide (0.10 mmol,
36.7 mg) dissolved in 200 pL of dimethylformamide were added. Finally, acetone

(5 mL) was added to induce the precipitation of the nanoparticles.

The colloidal Popaz nanoparticles were prepared following the procedure
described for Popa1 but in the absence of OLA. The perovskite nanoparticles Pyaz
and Poaz were prepared following the procedure described for solid Popaz but
using HABr or OABr instead of ODABT and keeping the same molar ratios of the

other components.

Preparation of perovskites by different solution processes. The films were
prepared from perovskite nanoparticle dispersion (3 mg mL™) by spin-coating.
The experiment of dis-assemble/assemble was carried out by dissolving Poaz back
to the precursors in dimethylformamide in a concentration of 4 mg mL™, then 100
pL of this precursor solution was injected into toluene (4 mL), leading the

immediately formation of a blue photoluminescent dispersion (Poaznm). Finally,
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the film from the precursor solution was prepared by spin-coating on glass
substrate.
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6.1. Introduction

As discussed in chapter 4, we demonstrated that crystalline CHsNH3PbBr;
nanoparticles can be prepared with high dispersibility and photoluminescence
(PLQY up to 83 %) by using the hot-injection method and medium alkyl chain

ammonium ligands. 7]

In 2015 Zhang et al. % reported another interesting strategy for the preparation
of highly photoluminescent CHsNHsPbBr; nanoparticles (PLQY of 70 %), termed
as ligand assisted re-precipitation (LARP) method. This method consists in the
injection of a precursor solution, composed by a mixture of CH3NHsBr, PbBr, and
the organic ligands dissolved in a good solvent (e.g. polar solvent
dimethylformamide), into a bad solvent (such as toluene) at room temperature,
followed by the removal of large particles via centrifugation. Thus, CHzNH3PbBr3
nanoparticles with an average diameter ca. 3 nm were prepared by using n-

octylamine and oleic acid as ligands.[]

Soon after Rogach et al.*®! demonstrated the size-tunability of the band gap of
CHsNHsPbBr; nanoparticles by using the LARP strategy with slight
modifications. Nanoparticles were prepared with an average size of 1.8 nm-3.6
nm and remarkably PLQY up to 93 %, using oleylamine and oleic acid as ligands
and by varying the temperature of the toluene in the 0-60 °C range. The chemical
yield of CHsNH3PbBrs nanoparticles by LARP method is limited due to the

formation of bulk material in combination with the nanoparticles.

Encouraged by these results, our first objective was to reach the maximum in the
emissive properties of the CH3NH3sPbBrs; nanoparticles as well as to prepare them

with a high chemical yield.

Colloidal nanoparticles with such properties could be further used to prepare
nanoparticles solid films. Bulk perovskite films are commonly prepared from their
precursors by using a solution-processed technique. They are polycrystalline films

with many grain boundaries, which may act as recombination centers, thus
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hindering their performance in optoelectronic devices.[!%! Several strategies, such
as passivation with different species (e.g chloride ions, pyridine and lead halides),
as well as using excess of methylammonium iodide, have been reported to
minimize the non-radiative recombination of perovskite films to achieve high

efficient optoelectronic devices. [100-104]

The use of perovskite nanoparticles colloids for films preparation, which are well
passivated by ligands, could improve the morphology of perovskite films. The
challenge was to retain their confined structures and properties into the
nanoparticles solid film. In addition, the charge transport properties specially
when are passivated with organic ligands was also a challenge. In this regard, we
hypothesized that the organic ligand selected, besides providing an effective
passivation of the nanoparticle surface, should i) provide them with a low
tendency to aggregate, ii) enable their assembly in densely-packed solid films by

inter-particle coupling and iii) be charge transport compatible.

To address these objectives, first the quasi-spherical shaped 2-adamantylamonium
bromide (2ADBr) was chosen as the only organic ligand and the LARP method,
with slight modifications based on our previous results, was adopted for the
synthesis of the colloidal nanoparticles. The formation of cucurbit[7]uril-
adamantylammonium host-guest complexes (2AD-CB) as ligands on the
nanoparticle surface was also explored together with its effect on the optical

properties and photostability of colloids under humid conditions.

The synthesis of CH3NHs;PbBr; nanoparticles with 2AD as capping ligand resulted
in the formation of outstandingly photoluminescent nanoparticles with a PLQY of
100 % (Small 2016, 12, 5245-5250). However, the nanoparticles manifested a

considerable aggregation in solution and long-lived photoluminescence.

Additional ligand surface engineering using binary ligand systems composed of
adamantylamine (ADA) and a short chain alkyl carboxylic acid was studied in

order to reduce the tendency of the nanoparticles to aggregate in solution, with the
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final aim of preparing densely-packed nanoparticles solid films with enhanced
optical and electronic properties (Journal of Materials Chemistry C 2018, 6, 6771-
6777).

The effect of the length of the alkyl carboxylic acid and shape of the ADA ligand
on the synthesis and optical properties of highly dispersible CHsNH3;PbBr;
perovskite nanoparticles are described. Furthermore, the preparation as well as the

optical and conductive characterization of nanoparticle solid films are included.
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6.2. Efficient surface passivation of colloidal CHsNH3;PbBr; perovskite

nanoparticles

We attempted the synthesis of colloidal CH3NHsPbBrs perovskite through
combination of: i) 2 adamantylammonium and ii) 2 adamantylammonium and
cucurbit[7]uril (CB) as organic ligands (figure 6.1), using both the hot-injection
and LARP method. Interestingly, the LARP vyielded the most luminescent
colloids. Briefly, the synthesis with 2AD was carried out by injection of a mixture
of CH3sNH;Br, 2ADBr and PbBr- in dimethylformamide into toluene while stirring
at room temperature. After 1 h of stirring, the dispersion was purified by
centrifugation and the precipitate was separated and dispersed in toluene. The
optimal molar ratio between the perovskite precursors and the organic ligand
CHsNH3Br:2ADBr:PbBr; was 1.2:0.8:1.0.

Strikingly, the CH3NHsPbBr; nanoparticles prepared with 2AD, labelled as Pap
(AD refers to 2-adamantylammonium) crested the summit in their emissive
efficiency with a PLQY = 100 %. The PL emission peak was centered at 520 nm
(fwhm 22 nm), figure 6.1.

Taking into the account the high binding affinity constant of CB portals for cations
such as the 2-adamantylammonium cation (K = 1.00 + 0.3 x 10 M™?),[205.106]
colloidal nanoparticles were synthesized using the same condition described for
Pap but in the presence of CB. Interestingly, the nanoparticles, labelled as Pap-cs,
were dispersable in toluene and showed a PL peak maximum at 519 nm (fwhm 24
nm) and a PLQY of 89 % (figure 6.1, Table 6.1).

Table 6. 1. Photoluminescence data of Pap and Pap.cs toluene colloids

Pap pL2 fwhm PLQY® T T2°¢ T3¢
(nm)  (nm) (%) (ns) (ns) (ns)
Pap Air 520 22 99 19.9 (76) 185.2(20) 1082.0 4)
Pap N2 520 24 99 23.1(73) 205.0(22) 1161.4(6)
Pab-cs Air 519 24 89 23.3(73) 2015(22) 1142.4(5)
Pab-cs N2 519 25 82 235(74) 203.7(21) 1233.7 (5)
abRegistered at Aexc 340 nm.¢ % Contribution of the component to the total PL decay
in brackets.
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Figure 6. 1. a) Molecular structure of CB and 2AD compounds used as
organic ligands of nanoparticles. Absorption and PL emission spectra of
colloidal a) Pap (inset: image of toluene dispersion) and ¢) Pap-cs in toluene.
d) Photoluminescence decay trace of Pap in toluene.

Time-resolved photoluminescence spectroscopy analysis of the colloidal
nanoparticles showed that the PL decay fitted to a tri-exponential function (figure
6.1), with a short-lived component of t; = 20 ns, attributed to charge carrier
recombination, and two extraordinarily long-lived components (contribution of
about 20 % and 5 % to the total PL). Likewise, long-lived components were
obtained for Pap-ce (table 6.1). Further studies were conducted in order to gain

insight into the nature of the long-lived photoluminescence, see below.

The PXRD pattern of the nanoparticles was consistent with the crystalline cubic
phase of CHsNH;PbBr; perovskite nanoparticles previously reported,® figure
6.2. The diffraction peaks corresponding to the organic ligand 2AD were also
observed (figure 6.2). The calculated crystalline sizes from the PXRD spectrum

were 53 nm and 34 nm for Pap and Pap-cg, respectively.
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The HRTEM images exhibited the formation of nanoplatelets (44 nm x 35 nm)
unstable under the e-beam irradiation. Formation of spherical Pb nanoparticles
after short exposure times to the electron beam was clearly observed, this was
consistent with previous reports on perovskite instability.!2°"!

Further analysis of the nanoparticles morphology was performed by using
topographic AFM, figure 6.3. Large aggregates of nanoparticles were observed
when a concentrated solution (2 mg/mL) of Pap was used for the deposition. The
aggregates were smaller using diluted solution of Pap (50 fold). The height and
the lateral size of the nanoplatelets was 21 nm and 60 nm, respectively. These size

values were in agreement with those calculated in PXRD analysis.

AR P | N T T
. || L.

5 10 15 20 25 30 35 40 45 50 55 60
2 Theta (degree)

Figure 6. 2. Comparison of PXRD pattern of: a) Pap and b) Pap-cs. ¢,d)
Reference lines for specified reflections derived from XRD patterns
reported for CHsNHsPbBrs nanoparticles; e) lead bromide (PDF 05-0608)
and f) metallic lead (PDF 00-003-1156). Signals corresponding to 2AD are
marked with an asterisk.
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Figure 6. 3. a) Representative topographic AFM image of Pap showing the
presence of aggregates. b) Height profile of the aggregates identified in the
horizontal lines inset AFM image (a).
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The composition of the nanoparticles was studied by TGA and *H NMR. The
inorganic component was determinate by TGA. The molar ratio between the
organic components in Pap was calculated by dissolving the perovskite back to
the precursors and then analyzing the mixture by *H NMR spectroscopy (see
details in chapter 3). These studies revealed that molar ratio between the
components 2ADBr:CH;NHsBr:PbBr, in Pap nanoparticles was 0.29:0.68:1.0.
Moreover, indicated that nanoparticles were obtained in a high chemical yield (76
%).

Furthermore, the *H NMR analysis of Papa-cs nanoparticles after dissolution into
the precursors showed that the 2AD/CB molar ratio was 6.83. The attachment of
CB to the nanoparticle surface in Papa-ce Was corroborated by ATR-FTIR and the
spectrum was compared with those of CB, AD@CB and Pap, figure 6.4. The
strong band assigned to CB vss (C=0) shifted to higher values in Pap.cg (1734 cm™
vs 1710 and 1716 cm™* for CB and AD@CB). This is indicative of the interaction

of the CB with the nanoparticle surface through the carbonyl groups.™°%

The photostability of the colloidal perovskites were studied by measuring the
evolution of its PL intensity as a function of the irradiation time using fluorimeter

lamps as the irradiation source (Aexc = 350 nm), figure 6.5. A decrease of ca. 25%
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on the PL intensity was observed for Pap after 180 min irradiation. This result
indicated that, although the quasi-spherical shaped 2AD ligand allows the
perovskite nanoparticles to reach the maximum emission efficiency; it cannot stop
the photodarkening process, which has been associated with the presence of water
in the environment.

H 1 ]
1800 1500 1200

Wavelength (cm"}

Figure 6. 4. Comparison between the ATR-FTIR spectra of: a) CB, b)
2AD@CB, ¢) Pap and d) Pap-cs. The dotted line represent the band assigned
to CB vas (C=0). The signals corresponding to the remaining hexane are
marked with an asterisk (*).
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Figure 6. 5. PL intensity as a function of the irradiation time of colloidal
Pap (¢#) and Pap-cs (m) dispersed in aerated toluene (Aexc=340 nm, Aem = 520
nm).

Notably, colloidal Pap-cg showed an initial photoactivation stage, leading to a
slight enhancement of the PL intensity (up to 4 %) in the first 20 min, and then
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the PL intensity remained unaltered during the following 160 min (figure 6.5).
Moreover, after 24 h of irradiation their PL intensity only decreased 13%. This
improved photostability suggests that CB reduces the efficiency of the moisture
effect. Remarkably, the colloidal Pap.ce showed higher stability than Pao when
exposed to direct contact with water and under continuous UV irradiation (figure
6.6).

QD
o

PL Intensity (a.u.)

0 20 40 60 80 100 120
Time (min)

Figure 6. 6. @) PL intensity as a function of the irradiation time of colloidal
Pap-cs (m) and Pap (¢) in toluene and in contact with water (Aexe= 350 nm,
PL registered at 520 nm under air atmosphere); b,c) Images of Pap.cs and
Pap colloidal dispersions immediately after addition of water (left) and 120
min afterward (right).

6.3. Photoluminescence lifetime and nanoparticle aggregation effect

Although the 2AD organic ligand improved the photoluminescent properties up
to 100 % it induced a considerable aggregation of the nanoparticles, as was
demonstrated by AFM images. Such aggregation affected their optical properties,
specifically the PL lifetime, which was extraordinarily long (table 6.1).

Therefore, additional centrifugation/separation steps of the Pap nanoparticles

were conducted. The PL features of the precipitates obtained after the
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centrifugation (termed as P: and P.) and that of the supernatant (Spz) were
analysed, figure 6.7. The absorption and PL emission peaks of the colloidal
nanoparticles preserved after the centrifugation/separation process (PL maximum
at 521-523 nm) and their PLQY was higher than 90 %, indicating the high stability
of the nanoparticles prepared with 2AD. However, the longest-lived component
decreased (up to 5 times) compared to those of the initial Pap (table 6.1) but the
PL lifetime was still quite long (ca. 200 ns) in comparison with the few

nanoseconds expected for the direct band gap recombination of semiconductors.
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Figure 6. 7. b) PL emission spectra and c¢) PL decay traces of Pap
precipitate (P1) obtained after centrifugation of the initial dispersion at
3000 rpm for 5 min, (ii) the precipitate obtained after centrifugation of
supernatant at 9000 rpm for 10 min (P2) and (iii) the final supernatant (S p>
). The decay traces were registered using lexc = 340 nm, Jem = 521 nm for
P1 and Spy and 523 nm Pa.
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6.4. Surface engineering

To address the preparation of uniform and highly photoluminescent dense solid
film from perovskite colloids it is imperative to use highly luminescent but non-
aggregated colloidal nanoparticles. The CH3NHsPbBrs perovskite nanoparticles
with 2-adamantylammonium as capping ligand resulted in the formation of
strongly luminescent nanoparticles (PLQY ca. 100 %).1% Nevertheless, a
considerable aggregation in solution was observed, indicating the low capacity of
the capping to provide the required steric hindrance between the nanoparticles,

attributed to the Van der Waals attraction between adamantyl moieties, [120-112

Surface engineering of the extraordinary emissive Pap nanoparticles was then
directed towards decreasing their aggregation tendency in solution by interfering
slightly in their interaction. To this aim the use of binary ligand systems consisting

of an adamantylamine (ADA) and alkyl chain carboxylic acid was explored.

First, the effect of the binary ligand system in the optical properties of colloidal
nanoparticles was studied. The organic ligands selected were: i) the amines 1-
adamantylamine (1ADA) and 2-adamantylamine (2ADA) and ii) linear alkyl
carboxylic acids with 3, 6, 8, 10 and 18 carbon atoms, and the branched

isobutanoic acid and 1-adamantanecarboxylic acid, figure 6.8.

This combination of the two types of organic ligands allowed the study of the
effect of the adamantylamine shape and the length of the alkyl carboxylic acid on
the colloid stability and the optical properties of the nanoparticles. The synthesis
of the nanoparticles was carried out following a similar procedure to that described
previously for Pap. In short, a dimethylformamide precursor solution containing
PbBr,, CHsNH3Br, 1ADA (or 2ADA) and the alkyl carboxylic acid in a molar
ratio of 1.0:1.1:0.8:9.5 respectively, was injected dropwise into toluene while
stirring. The green photoluminescent dispersion provided a solid after

centrifugation. The final solid was easily dispersed in toluene.
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Figure 6. 8. Schematic representation of CH3NH3PbBr; nanoparticles
capped with ADA and carboxylic acid

The optical properties of the colloidal nanoparticles (Papba-camoxylic acid) are
summarized in tables 6.2 and 6.3 for 1-ADA and 2ADA ligands, respectively. All
the colloidal nanoparticles synthesized showed a crystalline structure that fit to
the cubic phase of CH3NH3PbBr; perovskite. The colloidal nanoparticles prepared
with LADA and alkyl carboxylic acids as ligands exhibited PL emission maximum
between 521 nm and 526 nm (fwmh 27 nm) and PLQY up to 87 % (table 6.2).
Moreover, the colloids prepared with 2-ADA and alkyl carboxylic acids as the
binary ligand system exhibited PL emission peak at shorter wavelength than 521
nm and a remarkable high PLQY (ca. 100 %), figure 6.9 and table 6.3.

Table 6. 2. Photoluminescence data of CHsNHsPbBrs; colloidal
nanoparticles prepared with 1-ADA and alkyl carboxylic acids.

PLZ  fwhm  PLQY 1aPc

Amine Carboxylic Acid (nm) (nm) (%) (ns)
1 Oleic acid 521 24 87 30
2 Decanoic acid 523 24 81 47
3 Octanoic acid 523 23 85 116
4 1ADA Hexanoic acid 525 22 82 93
5 Isobutanoic acid 526 22 78 181
6 Propanoic acid 526 22 66 125
7 1-Adamantanecarboxylic acid 522 23 72 78

3PL emission peak maximum. ® Average photoluminescence lifetime; °the PL decays were registered
at the PL peak maximum and fitted with a triexponential function of time. The PL spectrum, PLQY
and 1, were registered using Aexc = 365 M.
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Table 6. 3. Photoluminescence data of CHsNHzPbBr3 colloid prepared with
2ADA and alkyl carboxylic acids.

Amine Carboxylic Acid PL2  fwhm PLQY tabc

m)  (m) (%) (ns)
8 Oleic acid 518 26 94 32
9 Decanoic acid 521 26 94 76
10 Octanoic acid 517 26 98 34
11 2ADA Hexanoic acid 519 27 96 40
12 Isobutanoic acid 519 27 95 50
13 Propanoic acid 516 27 98 33
14 1-Adamantanecarboxylic acid 516 26 97 41

2PL emission peak maximum. ® Average photoluminescence lifetime; °PL decays were registered
at the PL peak maximum and fitted with a triexponential function of time. The PL spectrum, PLQY
and 1., Were registered using Aexc = 365 nm.
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Figure 6. 9. @) PL emission spectra and ¢) PL kinetic decay traces of
CHsNH3PbBr; nanoparticles capped with 2ADA and carboxylic acid. See
details in table 6.3.

Interestingly, the Papa-caoxyiic acia €xhibited an extraordinary shorter average PL
lifetime (tav) than of Pap (section 6.2). The tay of the colloidal nanoparticles using
1ADA varied from 30 ns to 182 ns, with oleic acid and the branched acid
isobutanoic acid, respectively. No trend was observed with the alkyl chain length

of the carboxylic acid used.

Moreover, shorter tay Were observed with 2ADA. The nanoparticles prepared with
oleic, octanoic and propionic acid (tay of 30 ns, 34 ns and 33 ns, respectively),
proved to be the most effective alkyl carboxylic acid to provide additional

colloidal stability and reduce the aggregation of the nanoparticles in solution.
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These findings demonstrated the positive synergy between the carboxylic acid and
2ADA ligand: while the 2ADA steric hindrance enables a good passivation of the
nanoparticle surface, thus reaching the high PLQY of Pap (section 6.2), the
anchored carboxylic acid impedes the aggregation of the nanoparticles in solution.

The CHsNHsPbBrs; nanoparticles prepared with the shortest alkyl-chain
carboxylic acid, propionic acid, showed the desired photophysical features for the
preparation of nanoparticles solid film here proposed, i.e. high PLQY (98%), short
Tav (33 NS) and the PL emission peak at about 516 nm (fwhm of 27 nm). Therefore,
these nanoparticles, labelled as P2apa-propionic (2ZADA-propionic refers to the binary

ligand system) were fully characterized.

The size of P2apa-propionic Nanoparticles was estimated by SEM images as about 22
nm. The TEM analysis was limited due to the instability of the nanoparticles under

the electron beam irradiation, as has previously been described.[%%113]

The interaction of the organic ligand with the nanoparticles surface and the
stoichiometry was studied by XPS. Figure 6.10 shows the XPS core-level spectra
of Pb 4f, Br 3d, N1s, O 1s and C 1s. The XPS spectrum of Pb 4f shows two peaks
at 138.1 eV and 143.0 eV attributed to Pb 4f;, and Pb 4fs);, respectively.®"1*1 The
XPS spectrum of Br 3d shows two peaks centered at 67.9 eV and 69 eV
corresponding to the inner and surface Br anions. 81151 The N 1s spectrum has to
peaks centered at 399.8 eV and 401.5 eV, which can be ascribed to 2ADA and

methylammonium cation, respectively.[*7116]

Moreover, the O 1s spectrum exhibits three peaks. The typical band at 530.0 eV
together with two peaks a higher energies (figure 6.10d). The peak at 531.8 eV
ascribed to two non-equivalent oxygen atoms of the carboxylic acid and the peak
at 533.4 eV attributed to the two chemically equivalent oxygen atoms of the
carboxylate species.’1The C 1s XPS spectrum also shows three peaks, the peak
at 284.6 eV assigned to C-C and C-H bonds, the peak at 285.9 eV assigned to the
C-N bond of the amine and the C-O bond of the carboxylic acid. Finally, the peak
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at 288.4 eV can be assigned to the C=0 bond of the carboxylic acid.[**”] These
results revealed the presence of amine and carboxylic acid on nanoparticles
surface and confirmed that the 2ADA and propionic acid act as binary ligand
system. The quantification of the perovskite components by XPS showed that the
atomic ratio of Br:Pb and N:Pb was 2.7 and 1.1, respectively.
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Figure 6. 10. XPS spectra corresponding to: a) Pb 4f; b) Br 3d; c) N 1s, d)
O 1s and e) C 1s of P2apa-propionic Nanoparticles.
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6.5. Delayed luminescence

Similar to 11-VI semiconductors quantum dots (QDs), such as CdSe, the HOIP
nanoparticles have shown outstanding properties such as wide absorption
spectrum, narrow emission peak and high absorption coefficients. Moreover, their
optical properties are tunable with the composition and size of the
nanoparticles,[°®118119]

The HOIP nanoparticles exhibits high PLQY, up to 100 % for CHsNHsPbBr;
nanoparticles.[*®! Contrary to conventional semiconductors, the high PLQY are
reached without electronic passivation with wider band gap inorganic materials,
as it is required for CdSe semiconductor. This feature, termed defect-tolerance,
have been attributed to the formation of shallow defects, which are not
recombination active, near a band edge, figure 6.11.412% |n a conventional defect-
intolerant semiconductor, the intrinsic defects are deep in the middle of the gap

and they trap carriers and guench the semiconductor photoluminescence.

a. Defect Intolerant b. Defect Tolerant: MAPbI,

 Pb(6p)

S

/ deep ! shallow ;
/ states ! states !

: \.. Pb(6s)

i

Figure 6. 11. Schematic representation of a) the electronic structure of
typical III-V, II-VI, or group IV semiconductors, b) compared to the lead
halide perovskite crystal structure. Reprinted with permission from ref[12]
Copyright 2017 American Chemical Society.
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Direct gap semiconductor nanoparticles with high absorption coefficient, such as
CdSe and HOIP, should exhibit a short luminescence lifetime, in the order of few
nanoseconds.™?! However, CdSe and HOIP nanoparticles exhibit lifetimes of a

few tens of nanoseconds.

Chirvony, V. S et al.,*?? in collaboration with our research group, studied the
excitation deactivation processes in CHsNHsPbBrs nanoparticles in order to
understand the long-lived photoluminescence for this material. To this end, the
CHsNH3PbBr; perovskite nanoparticles capped with adamantylammonium with a

PLQY ca. 100 % (see section 6.2) were investigated.

Interestingly, it was found that the PL decay kinetics of the CH3NH3PbBr;
perovskite nanoparticles was temperature independent in the 20-300 K range and
it and it consisted of a minor component with a lifetime of 2 ns, attributed to the
prompt-luminescence and a long-lived component of around 20 ns, ascribed to a
delayed luminescence, both with the same photoluminescence spectra. The later
was a result of a fast multiple trapping and detrapping of excited carrier by shallow
traps combined with a slower release back to the conduction band, see scheme in
figure 6.12.

In this model, termed as delayed luminescence model by the authors, the 0, 1 and
T states correspond to the valence band edge, the excitonic state and the trap state,
respectively. The model describes the delayed luminescence of nanoparticles as a
charge-carrier trapping/detrapping process, in which ki is the rate of the
spontaneous radiative recombination of excitons and kro corresponds to the trap
mediated non-radiative recombination of excitons, while kit and kr1 are the rate

constant that describe the circular trapping—detrapping of electrons, respectively.
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Figure 6.12. Energy diagram describing the delayed luminescence
mechanism. Reprinted with permission from ref. 112 Copyright (2017)
American Chemical Society

The delayed luminescence is the emission by spontaneous recombination of a
multiple trapping—detrapping processes (gray arrows in figure 6.12). The
condition for the formation of long-lived PL decay kinetics within the proposed
scheme is that kit > kio, kto. Because of the high PLQY of the nanoparticles
studied, the contribution of ko is negligible, that means that all trapped carrier
return back to the excitonic state and recombine radiatively. Therefore, the traps
act as carrier storages during long times (up to tens of nanoseconds), in which the
dark states (traps) and bright excitonic states are in dynamic equilibrium, resulting

in a long-lived emission.[*??

The temperature independent PL decay kinetics are ascribed to a continuous
distribution of trap states. Within the proposed model, the factor responsible for
the delayed PL kinetics is the ratio between the trapping and detrapping rate
constants, kit and ki, which are related by the Boltzmann factor. The
ratio kir/kr1 will remain unchanged if the temperature decrease is accompanied by
a corresponding decrease of the energy difference (AE) between the excitonic (1)

and trap (T) states.
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6.6. CH3sNHsPbBr; nanoparticle solid films
6.6.1 Preparation of the nanoparticle solid films

The preparation of films from nanoparticles in suspension has been accomplished
by using different strategies, such as drop-casting and spin-coating. The challenge
is to obtain uniform and defect free films. Though nanoparticles of CdSe and PbSe
have been self-assembled successfully into thick films,[*2%124] the same has been

considerably less studied for hybrid perovskites.

We attempted the preparation of dense nanoparticles solid film from Papa-carboxytic
acid Nanoparticles by using the centrifugal casting technique, which take advantage
of the centrifugal acceleration to distribute and cast the material onto a large
surface.[831251281 Briefly, the substrate was placed at the bottom of a conic
centrifuge tube; then, a freshly-prepared P2apa-propionic COll0id in toluene was added
and centrifuged. Thus colloidal nanoparticles started to settle and assemble on the
substrate. Finally, the supernatant solvent was removed and the film was dried

under toluene atmosphere.

This technique permitted significant control over the uniformity and the thickness
of the nanoparticles solid films by adjusting the concentration of the colloid.
Figure 6.13 shows the cross-sectional SEM images of the films prepared at
different concentrations (25, 50, and 100 % Vv/v) of P2apa-propionic COll0ids, labelled
as Prim1, Primz and Prims (the number 1,2,3 indicated increasing concentration).
Interestingly, the SEM images demonstrated the formation of densely-packed
nanoparticle solid films of increasing thickness of 260 + 30 nm, 396 + 28 nm, and
670 = 44 nm for Psiims, Prim2 and Prims, respectively.

Figure 6.14 shows the UV-Vis absorption and PL spectra of the as-prepared
nanoparticles solid films. The films exhibited narrow PL emission peaks between
527 nmand 529 nm (fwmh 26-28 nm), high PLQY (up to 80 %) and short average
lifetime, which only changed from 33 ns (colloidal nanoparticles) to 52 ns for
Psiim1, table 6.4.
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images of P2apa-propanoic

Figure 6. 13. a-c) Cross-sectional SEM
nanoparticle solid films on glass substrate with different thicknesses: a)

Pfitm1, b) Pritmz and ¢) Prims (scale bar= 500 nm). d) Top view SEM image of
Psim1 (Scale bar = 3 pm), inset: image of nanoparticle solid film.
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Figure 6. 14. a) Absorption and b) normalized PL spectra of P2apa-propanoic
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Further composition analysis of the nanoparticle solid film Priim: was performed

by energy dispersive X-ray spectroscopy (EDS), which showed a Br:Pb average
atomic ratio of 3.1. Moreover, the XRD pattern confirmed the formation of
crystalline nanoparticle solid film that fit to the cubic phase of CHsNH3PbBr3.55%
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Table 6. 4 Photoluminescence data of the P2apa-propancic Colloids and
nanoparticle solid films

Thickness pL2 fwhm  PLQY  taP°¢

(nm) (nm) (nm) (ns)

PZADA-Propanoic 516 27 0.98 33
Pfilm1 260 527 26 0.80 52
Pfilm2 396 528 26 0.72 58
Pfiim3 670 529 28 0.53 93

2PL emission peak maximum ® Average photoluminescence lifetime; °PL decays
were registered at the PL peak maximum and fitted with a tri-exponential function
of time. The PL spectrum, PLQY and 1., were registered using Aexc = 365 nm.

6.6.2 Conductive properties of CHsNHs;PbBr; nanoparticle solid films

We then turned to perform a preliminary study on the charge transport properties
of the nanoparticles solid films. In a first approach, a multi-layer diode was
fabricated in collaboration with Dr. Michele Sessolo. The layer architecture of the
device was: ITO/PEDOT:PSS/nanoparticle solid Primi/BmPyPhB/Ba/Ag. The
electrical characteristics revealed a high-quality diode, with a low leakage current
and a moderate electroluminescence (about 20 cd/m?, turn-on about 2V). This
means that both electrons and holes are injected into, and transported within, the

nanoparticle solid film.

The moderate electroluminescence can be attributed to a non-optimal device
configuration, i.e. lack of the electron blocking layer in between PEDOT:PSS and
the perovskite, or to spatial inhomogeneities on the perovskite morphological and
optoelectronic properties. Accordingly, conductive atomic force microscopy (c-
AFM) analysis was carried out to further investigate the topography and local
electronic properties of a nanoparticles solid film. Thus the nanoparticle solid film
on a conductive ITO-coated glass (Primi») Was prepared with a thickness of 291 +
18 nm (see figure 6.15). The c-AFM measurements were carried out in the dark

using the conventional contact mode (chapter 3).

The topographic image of the Prmi~ (area 25 um?) showed protrusions and

depressions in the film morphology (range of £ 80 nm), with a RMS of about 25
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nm, figure 6.16. Similar RMS values have been reported for PbSe quantum dot
films (RMS of 19 nm) of a similar thickness.*?4 The conductive image of the
same area, revealed low conductive regions and high conductive domains, with a
maximum current magnitude of 100 pA on the brighter domains (figure 6.16).
Such results suggested that the spatial inhomogeneity observed in film probably
hinders the charge carrier distribution within the diode, thus leading to an

inefficient electroluminescence.

Figure 6. 15. Cross-sectional SEM image of nanoparticle solid Psijmi
showing each layer (scale bar 500 nm).

mo b

200-

pum um

Figure 6. 16. a) Topographic and c¢) conductive AFM images of
nanoparticle solid Primi» Obtained at a bias voltage (-3.5 V) in the dark.
AFM image scale: 5 pm x 5um.

Despite the spatial inhomogeneity, the high conductive domains observed in the
nanoparticle solid film support the formation of high-density regions of
nanoparticles with an efficient connectivity between them. This can be related to

the unique properties of the adamantyl moiety, in particular to the strong ADA-

98



Chapter 6. Surface Engineering to Yield Highly Luminescence CHaNHsPbBr3 Perovskite Nanoparticles and Dense Solid Films

ADA interactions, which minimize the inter-particle distance and improve the
assembly of the nanoparticles in the film. These result are promising and we
envisage that the interparticles connectivity on the thick nanoparticle solid film
here studied could be further improved by improving the procedure of the film
preparation.

6.7. Conclusions

In summary, we demonstrated that the surface passivation of the CHsNH3zPbBrs;
nanoparticles by using 2-adamantylammonium bromide as the only capping
ligand results in an effective surface trap passivation, allowing the exceptional
photoluminescence quantum yield of 100 %. Moreover, the colloidal
nanoparticles were prepared with high chemical yield and colloidal stability,
keeping their stability after six months at room temperature.

The photostability studies showed that the 2-adamantylammonium capped
nanoparticles experiment a considerable photodarkenning effect under continuous
UV irradiation in solution. The capacity of the adamantyl moiety to form
supramolecular system with cucurbit[7]uril portal demonstrated the enhancement
of the nanoparticles photostability even under the drastic conditions of direct

contact with water and under continuous UV irradiation.

Although the adamantylammonium organic ligand improved the
photoluminescent properties of nanoparticles, a considerable aggregation in
solution and as a consequence an extraordinarily long-lived photoluminescence
was observed. The surface engineering by using 2-adamantylamine and different
alkyl carboxylic acids as a binary ligand systems enabled the preparation of highly
dispersible and  photoluminescent CHsNHsPbBr; colloids, with a
photoluminescence quantum yield of ca. 100 % and shorter photoluminescence
lifetime. These properties proved the good passivation of the nanoparticle surface
and the low tendency of nanoparticles to aggregate, mainly when using a short

alkyl chain carboxylic acid.
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The optimal CHsNH3PbBr3 nanoparticles colloid was that with a short carboxylic
acid, namely propionic acid, and they were successfully assembled into densely
packed solid films with thicknesses up to several hundreds of nanometers. The
films retained the pre-engineered confined morphologies as well as their optical
properties, in particular a high photoluminescence quantum yield (up to 80 %),
and showed good charge transport properties.

6.8. Experimental section.
The colloidal nanoparticles described in section 6.2 were prepared as follows:

Synthesis of Pap nanoparticles. First, concentrated solutions of 2-
adamantylammoniun bromide (2ADBr, 0.043 M), methylammonium bromide
(CH3NH3Br, 0.089 M) and lead bromide (0.027 M) were prepared in
dimethylformamide. Then, a precursor solution was prepared by mixing 2ADBr
(50 pL, 2.18 pmol), CHsNHsBr (37 pL, 3.24 umol) and lead bromide (100 pL,
2.7 umol) in dimethylformamide and stirred for 15 minutes. The final molar ratio
between all components CH;NH;Br:2ADBr:PbBr, was 1.2:0.8:1.0.

This precursor solution was dropped into toluene (5 mL) and stirred at room
temperature for 1 hour. Finally, the strong green photoluminescent dispersion was
centrifuged (7000 rpm; 6300 g) at 20 °C for 4 minutes and the solid obtained was

dispersed in toluene.

Synthesis of Pap-cs hanoparticles. The nanoparticles were prepared following the
procedure described for Pap, except that after stirring the precursor solution for
15 minutes, CB (0.18 umol, dissolved in dimethylformamide) was added (molar
ratio 2ADBr:CB = 12:1), and then the mixture was stirred during 30 minutes

before it was dropped into toluene

Variation in the separation method of Pap nanoparticles. Colloidal Pap
perovskites were centrifuged at 3000 rpm at 20 °C for 5 minutes and the
precipitate (P1) was separated. The supernatant was centrifuged at 9000 rpm at 20

°C for 10 minutes, leading to a new precipitate (P2) and supernatant (Spz). The
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precipitates (P: and P2) were dispersed in toluene and maintained as colloidal
dispersions.

The colloidal nanoparticles described in section 6.4 were prepared as follows:

Synthesis of P2apa-propionic N@NOpParticles. The precursor solution was prepared by
mixing lead bromide (50 mg, 0.136 mmol), CHsNH3Br (18 mg, 0.160 mmol), 2-
adamantylamine (2ADA, 16.4 mg, 0.108 mmol) and propionic acid (97 pL, 1.30
mmol) in 5 mL of dimethylformamide. The PbBr,:CH;NHs;Br:2ADA:propionic
acid molar ratio was 1.0:1.1:0.8:9.5. Then, 100 uL of precursor solution was
injected into toluene (5 mL) while stirring. The unreactive material was separated
by centrifugation at 7000 rpm (6,300 g) at 20 °C for 7 minutes. The solid obtained

was dispersed in toluene (5 mL) and maintained as colloidal dispersion.

The colloidal nanoparticles comprising a different carboxylic acid as ligand were
prepared following the same procedure described for Paapa-propionic, DUt replacing
the propionic acid with the corresponding alkyl carboxylic acid (table 6.3),

preserving the molar ratio between the reagents.

The colloidal nanoparticles comprising 1-adamantylamine and different alkyl
carboxylic acid as ligands were prepared following the procedure described for
P2apa-propionic DUt USing 1-adamantylamine and the corresponding alkyl carboxylic

acid (table 6.2) preserving the molar ratio between the reagents.

Preparation of nanoparticle solid films. The procedure for the preparation of
nanoparticle solid films, and the techniques used for the conductive

characterization are described in chapter 3
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7.1. Introduction

The HOIP materials have been extensively studied due to their exceptional
optoelectronic properties as well as the easy processability using, for example
solution-processing techniques for the preparation of bulk thin films from
solutions of perovskite precursors. As was previously mentioned, this technique
yields polycrystalline films and often suffers from a lack of reproducibility of the
film morphology. Therefore, there is a great interest in the direct film preparation
from colloidal perovskite nanoparticles aimed at higher reproducibility of the film
morphology as well as improvement of their optoelectronic properties.
Nevertheless, the passivation of perovskite nanoparticles with organic ligand
often hindering the preparation of conductive thin films. Post-synthesis removal
of the surface ligand result in nanoparticle aggregation and dramatically decreases
their PLQY.

There are important challenges to be overcome for achieving that goals in the case
of lead halide perovskites, such as the preparation of organic ligand-free
perovskite nanoparticles with low tendency to aggregate in solution and their
efficient self-assembly on a substrate to lead to conductive nanoparticle solid

films.

The synthesis of the ligand-free nanoparticles is challenging, and there were few
methods to prepare ligand-free CH3NHsPbBr3 nanoparticles. A mixture of ligand-
free crystalline CH3NH3PbBr; nano- and microcubes have been prepared by
injecting the perovskites precursors in dimethylformamide into organic solvents

such as diethyl ether, 1,2,4-tricholorobenzene and isopropanol.[*27-12°]

In addition, the top-down methodology by laser ablation has been used to prepare
CHsNHsPbBr; colloids in organic solvents without addition of organic
ligands.[**%131 The strategy consisted in the laser irradiation of a CHsNH3PbBr3
bulk powder dispersed in chloroform. The yellow colloid exhibited a PL emission

at 525 nm and was stable during several hours.**% Almost at the same time, a two-
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step approach was reported for the preparation of CHsNH3PbX; (X= Br, I) colloids
of 100 nm to 1 um, depending of the nature of X. It consisted in the mixing of
PbXz (X= Br, 1) nanoparticles, prepared by laser ablation in iodobenzene or
bromobenzene, with an isopropanol solution of CHsNH3:X (X= Br, I) under

sonication.3!

Our aim was to explore the preparation of naked CHs;NHsPbBrs colloidal
nanoparticles by a one-step procedure and their assembly in conductive solid
films. To this aim, the preparation of colloidal nanoparticles was attempted by
using an excess of CHsNHsBr in the perovskite precursor solution and an
inorganic salts as confinement agent, specifically potassium hexafluorophosphate
(KPFs), whose anion (PFs) is both more lipophilic and less coordinating than the
bromide anion. The purpose was to replace the excess of CHsNHs;™ at the
CH3NH3PbBr; nanoparticle surface with K* cation on the basis of the higher
enthalpy formation of KBr than that of CH3;NH3Br (-394 kJ/mol vs -259
kJ/mol),[*321%31 with the final aim to produce confined and colloidal stable
nanoparticles (ACS Omega 2018, 3, 1298-1303).

In this chapter we report the synthesis of naked green photoluminescent
CH3NH3PbBrs; nanoparticles and their self-assembly on a substrate by centrifugal

casting method to lead to conductive solid films.
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7.2.Synthesis and characterization of naked CH3;NHs;PbBr; perovskite

nanoparticles

The synthesis of CHsNHsPbBr; nanoparticles was carried out by using the re-
precipitation strategy and the moderately polar solvent ethyl acetate as the bad
solvent. Briefly, a precursor solution in dimethylformamide composed of a
mixture of CHsNH;sBr, KPFs and PbBr, with a molar ratio of 2:2:1 was prepared.
Then, an aliquot of the precursor solution was added dropwise to ethyl acetate
under vigorous stirring. Finally, the colloidal nanoparticles were separated by

centrifugation and re-dispersed in ethyl acetate (see experimental section).

Interestingly, the nanoparticles were dispersible in a polar solvent (ethyl acetate)
and exhibited an absorption and emission peak maximum at 505 nm and 525 nm
(fwhm = 28 nm), respectively (figure 7.1). The absorption peak is blue shifted
compared to that of the CH3NH3sPbBr; bulk (absorption peak at about 540 nm)
indicating the confinement of the material. These nanoparticles exhibited a PLQY
of 17 % and an average lifetime (tay) Of 29 ns. Moreover, they were considerably
stable as colloid, remaining dispersible in ethyl acetate for about 3h, thereafter a
complete precipitation of the solid is observed, but it was easily redispersed by

hand shaking.
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Figure 7. 1. Absorption and PL emission spectra of colloidal MAP@K
prepared in a) ethyl acetate, b) toluene and c) chlorobenzene.
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Comparatively, green photoluminescent CHsNH3PbBr3 colloid, PL peak ca. 527
and 525 nm, were also obtained using toluene and chlorobenzene as bad solvents,
respectively (figure 7.1); however it showed lower colloidal stability and only the
colloid in ethyl acetate was fully characterized (see below).

Interestingly, no additional absorption peaks were observed in the UV-Vis
spectrum of the CH3NHsPbBrs perovskite; their presence would indicate the

partial substitution of CHsNH3* for K* in the crystalline structure.[*34

The composition of the nanoparticles was studied by *H and °F NMR. The
analysis was carried out by dissolving the perovskite nanoparticles and the
supernatant back to the precursors in deuterated dimethyl sulfoxide. Moreover,
the spectra were compared with that of the KPFs inorganic salt (figure 7.2). *°F
NMR spectra showed that the PF¢ anions were in the supernatant in the form of
two different salts, KPFs and CH3NH3PFs. The presence of the CH3;NH;* cation in

the supernatant was also confirmed by *H NMR.

: eyt

61 63 65 67 69 o1 73 75 77
ppm
Figure 7. 2. F NMR spectra of a) MAP@K nanoparticles, b) the residual
material obtained after solvent evaporation of the supernatant and ¢) KPFs
inorganic salt, in deuterated dimethyl sulfoxide.
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The PXRD pattern of the nanoparticles confirmed the formation of crystalline
cubic phase of CHsNH3PbBrz with an exclusive (001) film orientation and a
crystalline average size of 69 nm, figure 7.3.52135-1%7] These data suggested the
passivation of the nanoparticles surface with potassium. Moreover, the SEM
images showed the formation of cubic nanoparticles, and the energy dispersive X-
ray (EDS) spectrum revealed a K/Pb/Br molar ratio of 0.5:1.0:3.4. Therefore, the
CHsNH3PbBr; perovskite nanoparticles are caped with KBr and were termed as
MAP@K (MA refers to CHsNH3*).
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Figure 7. 3. a) PXRD of the MAP@K nanoparticles deposited on quartz
showing lattice diffraction peaks at 14.9° 30.1° and 45.9 ° and a (001)
exclusive orientation, b) SEM image of nanoparticles.

In order to gain further insight into the role of K* cation in the stability of
MAP@K nanoparticles, a control sample was prepared under the same
experimental conditions but in the absence of KPFs. The orange colloid obtained
showed a low dispersibility in ethyl acetate and its absorption spectrum exhibited
a poor absorption band and high scattering. This is consistent with the formation
of CH3sNH3sPbBr3 bulk with arbitrary size.

These results demonstrated that K* cation not only passivates the nanoparticle
surface and permits the colloidal stabilization of the CH3NHsPbBrs nanoparticles

in a moderately polar solvent, but also prevents their collapse.
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7.3. Preparation and characterization of nanoparticle solid films

Taking into account the successfully assembly of perovskite nanoparticles into
solid films by using the centrifugal casting strategy (chapter 6), we explored the
preparation of densely packed nanoparticle solid films from the colloidal
MAP@K in ethyl acetate. Briefly, the colloidal nanoparticles were added to a
centrifugal tube with the glass substrate at the bottom and then centrifuged for 7
min. Finally, the supernatant was pipetted out and the film MAP@Kg; was dried
under ethyl acetate atmosphere at room temperature. The as-prepared film showed
an incomplete substrate coverage, figure 7.4. Consequently, different deposition
conditions were studied in order to obtain homogeneous films, such as i)
increasing the volume of the MAP@K colloid (film MAP@KGg;) and ii) using a
mixture of ethyl acetate and toluene for the dispersion of MAP@K nanoparticles
(film MAP@KGs), figure 7.4.
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Figure 7. 4. SEM images of nanoparticles solid films a) MAP@KF; b)
MAP@Kg, and ¢) MAP@Krs. Scale bar 10 um. d) Absorption and PL
emission spectra of the MAP@KGr3
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Interestingly, a homogeneous distribution of nanoparticles over the substrate was
obtained in MAP@KGes. The film showed an absorption peak at 526 nm and a
slightly red-shifted PL emission peak at 530 nm (fwhm = 30 nm) compared to that
of the colloid in ethyl acetate (figure 7.4 d). In addition, the film showed a PLQY
of 7%.

Conductive atomic force microscopy (c-AFM) technique was used to gain further
insight into the local electronic properties and morphology of the nanoparticle
solid film. Therefore, a nanoparticle solid film was prepared by centrifugal casting
on ITO coated-glass, termed as MAP@KGe, following the strategy described for
MAP@Kgs. Figure 7.5 shows the densely packed nanoparticle solid film
MAP@KG@4, with an average thickness of 881 + 78 nm.

Figure 7. 5. Top (left) and cross-sectional (right) SEM images of
CHsNH3PbBr3 nanoparticle solid MAP@KGes. Scale bar 5 um and 500 nm,
respectively.

The topographic and conductive AFM measurements were carried out in the dark
using the PinPoint mode to prevent the nanoparticle film damage after each scan.
The topographical AFM image of the film MAP@KGs showed protrusions and
depressions in the range of = 100 nm, figure 7.6. Moreover, high and low current
magnitude regions were observed in the c-AFM image of the same area, figure
7.6b. This behavior can be observed in detail in the cross-sectional profile image
of height and current along the white line in the topographic and c-AFM image
(figure 7.6¢), in which high magnitude current domains, between -8.4 and 2.1 nA

(average current magnitude of —0.447 nA), were observed. The high conductive
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domains were ascribed to high-density regions of nanoparticles dispersed in the

film with an effective electrical connectivity between them.

Overall, the c-AFM measurement showed that the vertical current transport was
heterogeneous on the nanometer scale. A similar behavior has been reported in c-
AFM studies of CHsNH3PbX3 (X= Br, I) bulk thin films prepared by spin-coating
of the precursor solution.t%138131 Notably, MAP@KGe: exhibited higher
conductivity than the dense solid film prepared from colloidal nanoparticles

capped with organic ligands (chapter 6).
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Figure 7. 6. a) Topographical and b) conductive AFM images of
nanoparticle solid film MAP@KGe4 (bias = —1.5 V), image scale 5 um x 5
um. ¢) Cross-sectional profile of height and current along the white line in
images a and b. d) I-V curve as a function of applied bias (+6 V to =6 V)
for grains market in the topographic AFM image a.
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Complementary local current versus bias (I-V) measurement were performed by
c-AFM. The local I-V curves of selected topographic areas of MAP@KGe4 showed
a diode behavior (figure 7.6a and 7.6d), as it has previously been observed for
millimeter-sized CH3NH3zPbBrs crystals,'4%141] j.e. a linear ohmic region at low
voltages, a step-up in current at intermediate voltages where the traps are filled
and an abrupt increase in current where the carriers move freely (figure 7.6d).

Comparatively, in collaboration with Dr. Michele Sessolo, the charge transport
properties of the nanoparticles solid films were further investigated at a larger
scale by depositing the nanoparticles onto interdigitated 1TO electrodes. The
results were compared with a polycrystalline CH3sNHsPbBrs film prepared by
direct spin-coating of the precursor solution. The current density versus voltage
(J-V) curves of the nanoparticle solid film showed a current injection in both
reverse and forward bias, with current up to 100 nA at voltages as low as 5 V.
Moreover, the charge transport properties of MAP@KGe: were comparable to those
of polycrystalline CH3;NHsPbBrs thin film.

7.4.Conclusions

In summary, we demonstrated the easily preparation of organic ligand-free
CH3NHsPbBr; nanoparticles by adding a potassium salt to the perovskite
precursor solution. The potassium cations acted as the confinement agent and
provided colloidal stability in moderately polar solvent. In addition, they enabled
the assembly of CH3NH3PbBr; nanoparticles on substrates to lead densely packed

nanoparticle solid films.

The conductive atomic force microscopy studies revealed the formation of high-
density regions of nanoparticles dispersed in the film with high conductivity.
These are preliminary results but it is expected that they promote the interest in
naked lead halide perovskites nanoparticles due to the new opportunities offered

by the corresponding solid films.
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7.5. Experimental section

Synthesis of MAP@K nanoparticles. The colloidal nanoparticles were prepared
by the re-precipitation method in ethyl acetate. First, a precursor solution was
prepared by mixing lead bromide (25 mg, 0.068 mmol), CH3NH3Br (15.3 mg,
0.14 mmol) and KPFs (25 mg, 0.14 mmol) in 2.5 mL of dimethylformamide. The
molar ratio between the components PbBr,:CH3sNH3Br:KPFe was 1:2:2. Then, an
aliquot of the precursor solution (100 pL) was added dropwise into ethyl acetate
(10 mL) under vigorous stirring, at room temperature. Thereafter, the yellowish
dispersion was centrifuged (7000 rpm for 7 min), and the supernatant was
discarded. The green photoluminescent precipitate obtained was redispersed in 5

ml of ethyl acetate.

The nanoparticle solid films were prepared by using a centrifugal casting method

(chapter 3), as follow:

Nanoparticles solid MAP@Keg;. First colloidal MAP@K nanoparticles were
prepared following the above-mentioned method. Then, the colloid (10 mL) was
added to a conical centrifuge tube (50 mL), whit a glass slide substrate at its
bottom. The mixture was centrifuged at 8000 rpm for 7 min. Finally, the
supernatant was pipetted out and the glass substrate with the deposited
nanoparticle solid film was allowed to dry in ethyl acetate atmosphere, at room

temperature.

Nanoparticles solid MAP@Kg,. The film was prepared following the method
described above but increasing the volume of the freshly prepared MAP@K
colloid in ethyl acetate, i.e. using 20 mL instead of 10 mL.

Nanoparticles solid MAP@Kegs. The film was prepared following the method
describe for MAP@KGg2, but toluene (10 mL) was added to freshly prepared
MAP@K colloid (20 mL) in ethyl acetate.

114



Chapter 7. Ligand-free CH3NH3PbBr; Perovskite Nanoparticles and their Solid Film Deposition

Nanoparticles solid MAP@Ke4. The film was prepared following the method
described for MAP@KGgs but using an 1TO-glass coated substrate. In addition, a
film was prepared in the same conditions on interdigitated ITO substrate.

Preparation of polycrystalline CH3;NHsPbBrs. The precursor solution was
prepared mixing PbBr, and CHsNH:Br (molar ratio 1:2, respectively) in
dimethylformamide (concentration of 100 mg/mL). The solution was spin-coated
at 3000 rpm for 60 s. The film was annealed on a hot plate at 90 °C for 30 minutes

in a nitrogen atmosphere glove-box.
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The conclusions of this thesis, focused in the synthesis of colloidal organic-

inorganic lead bromide perovskite nanoparticles, can be summarized as follows:

Colloidal CH3sNHsPbBr3 perovskite nanoparticles were prepared for the first
time by using a hot-injection, a non-template approach and they exhibited a
photoluminescence quantum yield of 20 %. A medium alkyl chain ammonium
salt together with a surfactant, namely oleic acid, controlled the growth and
dispersibility of the nanoparticles. The ligands play a crucial role in the
dispersibility, photoluminescence, photostability and stability in solid state of
the nanoparticles. In addition, the dispersion of nanoparticles in organic
solvents enabled the effective preparation of photoluminescent thin films and
a light emitting device. The electroluminescence of the device based on the

nanoparticles film was higher than that of the bulk perovskite.

Later on, colloidal CHs;NHsPbBr; perovskite nanoparticles with
photoluminescent quantum yield of up to 83 % were produced by following
the same strategy. The length of the alkyl ammonium cation and the
perovskite components molar ratio, together with the absence of oleic acid,
played a key role on the optical properties of the CHsNH3PbBr; nanoparticles.
Moreover, the nanoparticles exhibited good photostability under continuous
UV irradiation of the colloidal dispersion and preserved their emissive

properties as a solid.

Blue-photoluminescent and dispersible perovskites with a 2D inorganic
framework, (RNHs).PbBrs, were also successfully prepared by the hot
injection method. The colloids obtained with octadecylammonium bromide
showed a photoluminescent quantum yield of 21 % and were ease of

processing.

The passivation of the CH3s;NHsPbBrs nanoparticles surface with

adamantylammonium bromide as the only organic ligand led to colloids with
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an outstanding photoluminescence (quantum yield of 100 %). The colloidal
nanoparticles were prepared with a high chemical yield. The photostability of
the nanoparticles in solution under continuous photoirradiation and in contact
with water was improved through the formation of adamantylammonium-
cucurbit[7]uril complexes at the nanoparticle surface. However, these colloids
showed a high trend to aggregate and, as a consequence, exhibited an

extraordinarily long photoluminescence lifetime.

= The synthesis of CH3NH3sPbBr; nanoparticles using adamantylamine/alkyl
carboxylic acid organic combinations as the ligands drastically decreased the
aggregation trend of the nanoparticles in solution, and as a consequence the
photoluminescence lifetime of the colloid, while preserving their high
photoluminescence quantum yield. In addition, the synergy between the
organic ligands allowed the assembly of the nanoparticles into densely packed
nanoparticles solid films with thicknesses up to several hundreds of
nanometers. Notably, the nanoparticles solid films retained the pre-engineered
confined morphologies of the nanoparticles as well their optical properties and
they exhibited good charge transport properties.

= Finally, organic ligand-free CHsNHsPbBr; nanoparticles were successfully
prepared by adding potassium hexafluorophosphate to the perovskite
precursor solution together with an excess of CHsNHsBr. The potassium
cation on the nanoparticle surface stabilizes the nanoparticles and the colloid
in a moderately polar solvent and enables the assembly of the nanoparticles
on substrates to lead to densely packed films. Moreover, conductive atomic
force microscopy measurements demonstrated the presence of highly
conductive domains that can be attributed to nanoparticles with an effective
electrical connectivity between them. The charge transport properties of the
nanoparticles solid film proved to be comparable to those of a polycrystalline
bulk thin film.
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Capitulo 1. Introduccién

Las perovskitas hibridas organicas-inorganicas de haluros de plomo,
CH3NH3PbX3 (X= halégeno) son materiales semiconductores que han sido
extensamente estudiados para aplicaciones optoelectrénicas, debido a sus
interesantes propiedades tales como elevado coeficiente de absorcion, amplio
espectro de absorcion, el cual puede modificarse por cambios en su composicion,
baja energia de enlace del exciton y elevada difusion de la carga.l**! Ademas se
preparan a partir de compuestos de partida abundantes y de bajo coste. Desde su
primera aplicacion en células solares en 2009 como sensibilizador, ! la estabilidad
del material y la eficiencia de las células solares ha aumentado rapidamente
llegando a alcanzar una eficiencia similar a la de las células solares comerciales
(20 %) en 2013.1261 Ademas, se demostro que las perovskitas hibridas en forma
de nanoparticulas son luminiscentes, lo cual atrajo la atencién sobre estos
materiales para aplicaciones en dispositivos electroluminiscentes.l' En este
trabajo nos enfocamos en el estudio de las perovskitas hibridas de bromuro de

plomo confinadas a la escala nanométrica.

Las perovskitas hibridas organicas-inorganicas de haluros metalicos (HOIP, por
sus siglas en inglés) presentan la formula general AMXs, en la cual M es un cation
metalico divalente (por ejemplo Pb*2 0 Sn*?), X es un haluro (CI,, Br,, I) y A es
un cation monovalente que puede ser organico como metilamonio (CHsNHs*) o
inorganico como el cesio (Cs*). Estos materiales adoptan una estructura cristalina
tridimensional (3D) en la cual el octaedro formado por el haluro metalico
[MXg]* se extiende en 3D y el catién organico A ocupa los intersticios entre los
octaedros para compensar la carga de la estructura (figura 1.1, tabla 1.1).[19 Las
perovskitas con cationes organicos de mayor tamafio forman estructura con una
dimensionalidad inferior a la 3D, como la estructura bidimensional (2D),
monodimensional (1D) y cero dimensional (0D), figura 1.2. En todos los casos, la
carga de la estructura inorganica formada por los octaedros [MXg]* se compensa

con la de los cationes organicos (figura 1.2, tabla 1.2). En la estructura de las
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perovskitas 2D, los octaedros estan unidos formando una estructura inorgéanica en
forma de Iaminas separadas por los cationes organicos. La formula general de la
perovskita 2D mas estudiada es (RNH3):MX4, en la que RNHs" es un cation
organico de cadena alquilica (tabla 1.2).[:14-16]

Las propiedades opticas de las HOIP dependen de su composicion, de la
dimensionalidad de su estructura inorganica y de la dimension del material (tabla
1.3, figura 1.3). La estructura electronica de las HOIP esta determinada por la
interaccién entre los orbitales del metal y del haldégeno (figure 1.4). En
consecuencia, la energia de la banda prohibida (band gap) de CHsNHsPbl; de 1.5
eV (800 nm) aumenta con la sustitucion del halégeno a 2.3 eV (540 nm) y 3.2 eV
(400 nm) para CH3NH3PbBrs y CH3NHzPbCls, respectivamente (figura 1.5).E
Estas perovskitas presentan por tanto un amplio espectro de absorcion, el cual
puede modularse notablemente en todo el espectro de absorcidn visible mezclando
los haldgenos (tabla 1.3).[%1 La reduccion de la dimensionalidad de la estructura
inorgénica de las HOIP también tiene un efecto en las propiedades dpticas, siendo
el mas importante el aumento de energia de la banda prohibida con la reduccién
de la dimension de 3D hasta 0D (tabla 1.3, figura 1.6).[19-21:23.24.29,3546-48]

Estos materiales han sido estudiados mayoritariamente como cristales y peliculas
solidas delgadas.[1384052-5%] Estas (iltimas se pueden preparar por una variedad de
técnicas, siendo las mas utilizadas las técnicas de deposicion a partir de una
disolucion de los precursores y las de evaporacion al vacio (figure 1.7).[257
Factores como seleccién del sustrato, disolvente, concentracion de los
precursores, temperatura y atmosfera a la que se lleva a cabo la preparacion,
influencian la morfologia de las peliculas y por tanto su aplicacion. Las
perovskitas de CHsNHsPbXs, particularmente las de I, son sensibles a la
humedad,™® por lo que su preparacion o caracterizacion se lleva a cabo en
atmosfera inerte (de nitrégeno o argon). La baja estabilidad a la humedad es una

de las principales desventajas que presenta este material.
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En el caso de nanoparticulas de perovskitas (materiales OD; x,y,z < 100 nm), solo
unos pocos ejemplos habian sido publicados antes del 2013. El primer ejemplo de
nanoparticulas de perovskita con estructura inorganica 3D, CHsNH3sPbX; (X = Br,
I) con un tamafio de 2-3 nm, se publicé en 2009 utilizando los poros de una
pelicula mesoporosa de TiO.."! Dicha porosidad acttia como plantilla y permite el
confinamiento del material CH3NH3sPbXs; en las tres dimensiones a escala
nanométrica, sin embargo el material no presentaba luminiscencia.l?56871
Interesantemente, en 2012 se publicd la preparacion de nanoparticulas
luminiscentes de CH3;NHsPbBr; (tamafio de 5 nm) dentro de los poros de una
pelicula mesoporosa de Al;Os, las cuales mostraron un maximo de la banda de
emision en 523 nm.["l Por otra parte, antes del afio 2013 no se habia publicado
ninguna estrategia para la sintesis de nanoparticulas coloidales de perovskita con

estructura 3D.

A diferencia de las perovskitas 3D, la preparacién de nano/microparticulas de
perovskita con estructura 2D, (RNH3)2PbXa4, se habian descrito en el momento en
que se inicio esta tesis utilizando métodos tales como nebulizacion, intercalacion
y precipitacion.[’27 De esta forma se prepararon particulas luminiscentes poli-
dispersas (tamafio desde 20 nm a varias micras), en forma de sélidos y como

suspensiones en solventes organicos.
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Capitulo 2. Objetivos.

Motivacion de las tesis. En el momento en que se inicid esta tesis, las perovskitas
hibridas orgénicas-inorganicas de haluros metalicos recibian una considerable
atencion debido a sus propiedades oOpticas y eléctricas. Ademas, la luminiscencia
de las nanoparticulas de CHsNH3PbBr; dentro del material mesoporoso atrajo un
gran interés por su potencial en aplicaciones optoelectronicas. Sin embargo, el uso
de material mesoporoso podria limitar la aplicacién de las nanoparticulas. La falta
de un procedimiento de sintesis para obtener nanoparticulas de perovskita
coloidales con estructura 3D motivo nuestro interés en su preparacion, ya que las
nanoparticulas coloidales podria permitir la preparacion de nuevos dispositivos

optoelectrénicos con un mejor rendimiento y estabilidad.

Obijetivo general.

El objetivo general de la tesis doctoral es la sintesis de nanoparticulas coloidales
y luminiscentes de perovskitas hibridas organicas-inorganicas de bromuro de
plomo mediante un método sin plantilla y ademas explorar su procesabilidad

como materiales conductores.

Objetivos especificos.

Los objetivos especificos de la tesis son:

= Sintetizar nanoparticulas coloidales hibridas de bromuro de plomo y
metilamonio con estructura 3D, CHsNHs:PbBrs, con wuna elevada
luminiscencia y (foto)estabilidad

= Explorar la preparacion y procesabilidad de perovskitas hibridas
bidimensionales de haluros de plomo (RNH3z)PbBry.

= Explorar el auto-ensamblaje de nanoparticulas coloidales de CHsNHzPbBrs3
en forma de peliculas sélidas de nanoparticulas y estudiar sus propiedades
conductoras.

= Sintetizar nanoparticulas coloidales de CHsNH3sPbBr; sin ligandos organicos

y explorar su ensamblaje y propiedades conductoras.
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Capitulo 3. Metodologia

A continuacion se describen las técnicas utilizadas en la tesis para la
caracterizacion de las propiedades Opticas, la estructura cristalina, la morfologia
y la composicion de las nanoparticulas y las peliculas solidas.

Caracterizacion de las propiedades Opticas. Se han utilizado las siguientes
técnicas:  espectroscopia de  absorcion ultravioleta-visible  (UV-Vis),
espectroscopia de fluorescencia en estado estacionario y resuelto en el tiempo.
Mediante estas técnicas se midieron los espectros de absorcién, de emisién y los
tiempos de vida de las nanoparticulas. En todos los casos se prepararon
dispersiones de nanoparticulas en cubetas de cuarzo (10 mm de paso éptico).
Ademas, los rendimientos cuanticos de emision (PLQY, por sus siglas en inglés)
se midieron utilizando los colorantes organicos 9,10 difenil-antraceno vy
fluoresceina como patrones. Para los estudios de fotoestabilidad se utilizaron dos
fuentes de irradiacion: a) lampara de Xenon del fluorimetro, con maximo de
emisién en 350 nm (capitulo 4 y 6) y 330 nm (capitulo 5), b) 8 lamparas con

maximo de emisién en el UV-A (351 nm) y en el visible (420 nm), capitulo 4.

Caracterizacion de la estructura y morfologia. Se utilizaron las siguientes
técnicas (abreviadas por sus siglas en inglés): difraccién de rayos X en polvo
(PXRD), microscopia electronica de transmision de alta resolucion (HRTEM),
microscopia electronica de barrido (SEM). Mediante la técnica de PXRD se
determind la estructura cristalina de las nanoparticulas y las peliculas de
perovskitas. La técnica de HRTEM se utilizé para determinar la forma y tamafio
de las nanoparticulas. La técnica de SEM se utiliz6 para estudiar la morfologia y

espesor de las peliculas sélidas de nanoparticulas (capitulo 6 y 7).

Anélisis de la composicion. Se utilizaron las siguientes técnicas (abreviadas por
sus siglas en inglés): espectroscopia de fluorescencia de rayos-X (XPS), analisis
termogravimétrico (TGA), resonancia magnética nuclear (NMR) y espectroscopia

infrarroja con transformada de Fourier-reflectancia total atenuada (FTIR-ATR).
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Mediante XPS se determiné la relacion entre los elementos que componen la
perovskita, asi como también la interaccién de los ligandos con la superficie de
las nanoparticulas. Los estudios de TGA se llevaron a cabo registrando los
termogramas de las nanoparticulas y los precursores entre 25-800 °C (a 10 °C/min)
en atmosfera de nitrégeno. Los espectros de *H NMR permitieron determinar la
relacion molar entre los componentes organicos de las nanoparticulas de
perovskita, es decir de metilamonio y de los ligandos organicos. Para ello, una vez
sintetizas las nanoparticulas se centrifugaron y el sélido obtenido se re-disolvio
en dimetilsulféxido deuterado, disolvente en el cual las nanoparticulas se
transforman en sus correspondientes precursores. Finalmente, mediante la
combinacion de los resultados de TGA y de 'H NMR se pudo determinar la
relacién molar entre los componentes organicos e inorganicos (PbBr.), asi como
el rendimiento de la reaccién. El andlisis por FTIR-ATR (capitulo 6) se llevd a
cabo midiendo los espectros entre 400 y 4000 cm? (resolucién 4 cm?) a
temperatura ambiente. Las nanoparticulas se depositaron a partir de dispersiones

preparadas en hexano.

Preparacion de peliculas solidas de nanoparticulas. Las peliculas de
nanoparticulas, descritas en los capitulos 4 y 5, se prepararon depositando una
dispersion de nanoparticulas en tolueno sobre el sustrato por spin-coating (1000
rpm durante 30 segundos). Por otra parte, las peliculas de nanoparticulas descritas
en los capitulos 6 y 7 se prepararon por el método de centrifugal casting. Este
altimo método consiste en sedimentar la muestra mediante centrifugacion sobre
un determinado sustrato. Para ello, en el capitulo 6 se prepar6 una dispersion de
nanoparticulas en tolueno en un volumen final de 5 mL, después se adiciond en
un tubo de centrifuga (50 mL) que contenia el sustrato de vidrio (1.5 cm?) y se
centrifug6 a 6000 rpm durante 6 minutos. Finalmente, se elimind el sobrenadante
y la pelicula depositada sobre el sustrato de vidrio se dejo secar en atmosfera de

tolueno a temperatura ambiente. En el capitulo 7, se utiliz6 este procedimiento,
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con la diferencia de que la preparacion se llevo a cabo utilizando como disolvente
acetato de etilo.

Preparacion de los dispositivos electroluminiscentes. Los dispositivos descritos
en la tesis fueron preparados y caracterizados por miembros del grupo de
investigacion dirigido por el Dr. Hendrik Jan Bolink del Instituto de Ciencia
Molecular de la Universidad de Valencia. Los dispositivos descritos en el capitulo
4 se prepararon con la siguiente configuracion:

o Dispositivo de  control:  ITO/Al,O3/CH3NHsPbBrs-volumétrico
/SPPO13/Ba/Ag. La pelicula sélida de CHs;NHsPbBr; volumétrico se
prepard por el método de deposicién a partir de una disolucion de los
precursores en disolucion.

o Dispositivo con nanoparticulas: ITO/PEDOT:PSS/pTPD/ nanoparticulas
de CH3;NHsPbBrs/Ba/Ag. La pelicula de nanoparticulas se prepard
depositando una dispersién en tolueno (4 mg/ mL) por spin-coating.

El dispositivo descrito en capitulo 6 se preparé con la siguiente configuracion:

o Dispositivo  con  nanoparticulas: ITO/PEDOT:PSS/BmPyPhB/
nanoparticulas de CHsNHsPbBrs/Ba/Ag. La pelicula de nanoparticulas se
prepar6 por el método de centrifugal casting.

Microscopia de fuerza Atémica (AFM). La técnica de AFM (por sus siglas en
inglés) es una técnica de caracterizacion de superficies y se basa en la medida de
las interacciones entre una punta y superficie de la muestra, lo que permite obtener
imagenes o mapas de la topografia superficial. En el capitulo 5, se registraron
imagenes de AFM de nanoparticulas depositadas sobre sustratos de silicio a dos
diferentes concentraciones (2 mg/mL y diluidas 50 veces). Por otra parte, la
técnica de AFM conductivo permite determinar simultdneamente el mapa de
conductividad y de topografia de la superficie de la muestra. En el capitulo 6y 7
se estudio las propiedades conductoras de las peliculas sélidas de nanoparticulas

preparadas por el método de centrifugal casting. El registro de las imagenes se

129



Chapter 9. Resumen de la Tesis Doctoral

realiz6 en un microscopio de fuerza atomica Park Systems NX20, usando puntas
de Pt-Ir recubiertas con Si (CONTSCPt, 7 nm de didmetro).

Capitulo 4. Sintesis y caracterizacion de nanoparticulas coloidales de
perovskitas CHsNHsPbBr3

El primer objetivo de esta tesis fue la sintesis de nanoparticulas coloidales de
CH3sNH3PbBr3 sin utilizar una plantilla. Para ello, se exploraron los métodos
descritos para la sintesis de nanoparticulas semiconductoras, tales como CdSe.
(6364841 Uno de los métodos generales para la sintesis de nanoparticulas de CdSe
consiste en la adicion de los precursores inorganicos a una mezcla de disolventes
organicos de alta temperatura de ebullicién (como octadeceno) y de ligandos
organicos (como oleilamina). Los precursores se descomponen formando nuevas
especies reactivas que producen la nucleacién y crecimiento de las nanoparticulas.
Los ligandos organicos, controlan el crecimiento, previenen la aglomeracién y dan
estabilidad coloidal a las nanoparticulas en disolventes organicos. Por tanto, nos
propusimos realizar la sintesis de las nanoparticulas de perovskita hibridas
utilizando ligandos orgéanicos en combinacion con los precursores de la

perovskita.

La sintesis se llevd a cabo por el método de inyeccion en caliente de los
precursores de perovskita CHsNHszBr y PbBr, a una mezcla de bromuro de
alquilamonio y acido oleico (OLA) en octadeceno (ODE) a 80 °C. Los mejores
resultados se obtuvieron utilizando bromuro de octilamonio (OABr) como
ligando. Se obtuvieron nanoparticulas de CH3;NHsPbBrs (Poa) con tamafio
promedio de 6 nm, dispersables en tolueno. El coloide presenté una banda de
absorcion y de emision con maximos en 527 nm y 530 nm, respectivamente
(figura 4.1 y 4.2), valores similares a los observados en las nanoparticulas
descritas dentro de material mesoporoso.® Ademas, presenté un PLQY ca. 20 %.
El desplazamiento del maximo de la banda de absorcién hacia mayores energias
con respecto a la observada en el material volumétrico de CH3sNHsPbBr; (~540

nm), se atribuyd al efecto de confinamiento cuéantico de las nanoparticulas.
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Los andlisis de PXRD y HRTEM (figura 4.3) demostré la formacion de
nanoparticulas con una estructura cristalina que coincide con la fase cubica de
CHsNHa3PbBr3 (grupo espacial Pm3m). Cabe destacar que este resultado fue el
primer ejemplo de preparacion de nanoparticulas de CHsNH3PbBr; coloidales,
con estructura 3D (Journal of the American Chemical Society 2014, 136, 850-
853). Ademas se demostr6 que, al contrario de las nanoparticulas de CdSe, estas
nanoparticulas no necesitan un recubrimiento inorganico para lograr una PLQY
del 20 %.

Las caracteristicas mas importantes de las nanoparticulas Poa fueron: mayor
intensidad de emision comparadas con aquellas preparadas con sales de amonio
de cadena mas larga (figura 4.2), elevada dispersabilidad en disolventes organicos
aproticos, estabilidad en estado solido por mas de tres meses y una notable

estabilidad bajo continua irradiacién en el UV (figura 4.4).

Para demostrar el ensamblaje de las nanoparticulas en peliculas sélidas, en
colaboracion con el Dr. Hendrik Jan Bolink, se prepar6 una pelicula de
nanoparticulas sobre vidrio, la cual presentd un maximo de la banda de emision
en 533 nmy un PLQY de 23 % (figura 4.5). Por lo tanto, se procedi6 a preparar
un dispositivo electroluminiscente con las nanoparticulas, el cual mostré una
intensidad de electroluminiscencia (con méaximo en 528 nm, figura 4.5) 10 veces
mayor que la de un dispositivo preparado con una pelicula de CHzNH3PbBr3

volumétrico.

Teniendo en cuenta el éxito en la preparacion de las nanoparticulas coloidales de
CH3NH3PbBrs y con el fin de mejorar sus propiedades, se estudi6 en detalle el
efecto de la concentracion de los precursores, de la longitud de la cadena de las
sales alquilicas de amonio y de la adicion de OLA sobre las propiedades dpticas
de las nanoparticulas coloidales (Journal of Materials Chemistry A 2015, 3, 9187-
9193). Los resultados revelaron que utilizando OABr como ligando en mayor
concentracion y sin la adicion de OLA en la sintesis (tabla 4.1y figura 4.6), se

obtienen nanoparticulas de CHsNH3PbBrs3 (Poaz), con un tamafio promedio de 5
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nm, muy dispersables en tolueno (figura 4.7) y con un elevado PLQY (83 % para
el coloide y 72 % para la pelicula sélida), tabla 4.2. Ademas, las nanoparticulas
en disolucién mostraron una alta estabilidad bajo irradiacion continua con luz UV,
observandose una disminucion de solo 10 % después de irradiar a 350 nm durante
540 minutos (figura 4.8). En cuanto a la estructura, el analisis por PXRD y XPS
confirmdé que Poa» mantienen la estructura cristalina de la perovskita
CH3NH3PbBr; (figure 4.9, figura 4.10 y tabla 4.3). Ademas, mediante el anélisis
de la composicién por las técnicas de TGA y *H NMR (figura 4.11) se pudo
determinar la relacién molar entre los componentes organicos e inorganicos (ver
tabla 4.4).

En conclusion, se demostrd por primera vez la sintesis de nanoparticulas
coloidales y luminiscentes (PLQY de 20%) de CH3NH3PbBrs. Se utilizé una sal
de alquilamonio para limitar el crecimiento de las nanoparticulas y proveer
estabilidad coloidal. Ademas, se prepararon peliculas sélidas luminiscentes y un
dispositivo electroluminiscente a partir de dispersiones de nanoparticulas.
Interesantemente, las peliculas de nanoparticulas conservaron las propiedades
Opticas del coloide. Estos resultados pioneros abrieron la posibilidad de multiples
aplicaciones de las nanoparticulas de perovskita luminiscentes para la preparacion
de dispositivos optoelectrénicos mediante el uso de técnicas de sencillas.
Finalmente, se demostr6 la sintesis de nanoparticulas de CHsNH3PbBr; con un
PLQY de 83 %, mediante la optimizacion de las relaciones molares de los
precursores y en ausencia de acido oleico. Las nanoparticulas mostraron una alta
fotoestabilidad bajo irradiacion continua en el UV de la dispersion y ademas

conservaron sus propiedades luminiscentes en estado sélido.

Método experimental. Todos los reactivos utilizados se adquirieron en Sigma-
Aldrich. Las nanoparticulas de CH3sNHsPbBrs, Poa, se sintetizaron mediante la
adicion de OABr (0.06 mmol) a una mezcla de OLA (0.3 mmol) y ODE (6.26
mmol) a 80 °C y en agitacion. Posteriormente, se adiciond CH3;NHsBr (0.04

mmol) y PbBr, (0.1 mmol). Las nanoparticulas se precipitaron por adicion de
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acetonay se purificaron por centrifugacion. De la misma forma, las nanoparticulas
Poaz se prepararon siguiendo el mismo método, pero utilizando mayor
concentracion de OABr (0.16 mmol) y CHsNH3Br (0.24 mmol), en ausencia de
acido oleico.

Capitulo 5. Sintesis y propiedades 6pticas de perovskitas con estructura
bidimensional (RNH3).PbBr,

Las HOIP con una estructura inorganica 2D, (RNHs).PbBr4, son materiales que
han sido estudiados ampliamente como cristales y peliculas delgadas. 23465941 En
cuanto a perovskitas 2D en forma de nanoparticulas, pocas estrategias se habian
publicado antes del 2015 para su preparacion. Los métodos utilizados eran
nebulizacion, intercalacion y precipitacion.[’2741 Después del éxito en la
preparacion de nanoparticulas luminiscentes de perovskitas con estructura 3D
descritas en la presente tesis, se explord la extension del método de inyeccion en
caliente para la sintesis de nanoparticulas de perovskita dispersables y con
estructura 2D utilizando sales de alquilamonio para confinar el material a escala
nanomeétrica. En este caso, la sal de alquilamonio jugaria un doble papel, el de
formar parte de la estructura inorganica 2D y el de actuar como ligando. Las sales
de alquilamonio seleccionadas para llevar a cabo la sintesis fueron el bromuro de
hexil-, octil- y octadecilamonio (HA, OA y ODA, respectivamente). Se estudio el
efecto del tamafio de la cadena de dichas sales asi como el de la adicion de &cido
oleico, sobre las propiedades épticas y la procesabilidad de las nanoparticulas.
(Journal of Materials Chemistry A 2015, 3, 14039-14045).

Brevemente, la sintesis se llevo a cabo mediante la inyeccion de PbBr; a una
mezcla de bromuro de alquilamonio (RNHs3;Br) y OLA en ODE a 80 °C.
Posteriormente, se adiciond acetona para inducir la precipitacion de las
nanoparticulas. Cabe destacar que utilizando ODA se obtuvieron nanoparticulas
luminiscentes (Popa1) Yy con una elevada dispersabilidad en tolueno, las cuales
presentaron una banda de emision estrecha en 397 nm y un PLQY del 21 % en

disolucion y 12 % en forma de pelicula. Por el contrario, las perovskitas
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preparadas con las sales de alquilamonio de cadena méas corta fueron mucho
menos emisivas (PLQY no medibles) y dispersables. El espectro de emision de
estas Ultimas presentd una banda ancha que se extiende hasta 600 nm
aproximadamente. Llevando a cabo la sintesis en las mismas condiciones pero en
ausencia de OLA, se observé que las perovskitas presentan una mejora en las
propiedades (figura 5.2 y tabla 5.1), perovskitas Popa2, Poa2, ¥ Pua2
respectivamente. Por lo cual, la condicion 6ptima seleccionada para la sintesis fue

en ausencia de OLA.

En cuanto al efecto de la longitud de la cadena alquilica de la sal de amonio, se
observé un desplazamiento de la banda de absorcion a mayores energias con el
incremento del tamafio de la cadena, desde 398 nm a 389 nm para Puaz Y Popaz,
respectivamente (tabla 5.1). Este resultado concuerda con el efecto descrito en
peliculas delgadas por otros autores.*%24%! Con respecto a la fotoestabilidad en
dispersién, las nanoparticulas Popaz Y Poa2 fueron las mas fotoestables, con una
disminucién en la intensidad de emision de solo 7 % después de 200 minutos de

irradiacion continua con luz UV (figura 5.3).

EL analisis por HRTEM mostré la formacion de pequefias nanoparticulas que
coexisten con material en forma las placas. El analisis por PXRD, realizados en
colaboracion con el Dr. Guillermo Minguez Espallargas, demostré que la
estructura de las perovskitas coincide con la estructura cristalina ortorrémbica
(grupo espacial Pbca) de la perovskita (RNHs).PbBr4 (figura 5.4 y tabla 5.2).
[87.88.91 Ademas, los resultados de TGA y *H NMR indicaron que las perovskitas

estan recubiertas con las sales de alquilamonio como ligando (figura 5.5).

Ademas, se demostro la estabilidad coloidal de las nanoparticulas Popa2 después
de varios procesos de precipitacion y redispersion (figura 5.6). También se
demostrd que Popaz se puede disolver en dimetilformamida para formar los
precursores Yy luego volverse a formar ya sea por evaporacion del disolvente o por
re-precipitacion en tolueno. Interesantemente, en este Gltimo proceso aumento la

formacion de nanoparticulas (Popaznm) Y €l tamafio de las placas disminuyd (figura
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5.7), aunque el PLQY fue méas bajo (7%). Finalmente, se prepararon peliculas
solidas luminiscentes de nanoparticulas de Popaz las cuales mostraron propiedades

Opticas similares a las nanoparticulas en disolucion (tabla 5.3).

En conclusién, se demostr6 la preparacion de perovskitas cristalinas,
luminiscentes, dispersables en tolueno y con una estructura 2D de (RNH3)2PbBrs.
La longitud de la cadena alquilica y la ausencia de acido oleico juegan un papel
en la formacion y estabilidad coloidal de las perovskitas, siendo las perovskita 2D
preparadas con el cation de cadena mas larga la que presentd una mayor
dispersabilidad, intensidad de luminiscencia (PLQY del 20 %) y estabilidad bajo
irradiacién UV. Estos materiales mostraron ser facilmente procesables y por tanto

de interés en aplicaciones optoelectrdnicas.

Método Experimental. Para la sintesis de las perovskitas de (RNH3).PbBr4, Popai,
primero se adiciond bromuro de octadecilamonio (ODABTr, 0.2 mmol) a una
mezcla de OLA (0.3 mmol) y ODE (2 mL, 6.26 mmol) a 80 °C y en agitacion.
Luego, se adicion6 el PbBr; (0.1 mmol) disuelto en dimetilformamida.
Finalmente, las nanoparticulas se precipitaron por adicién de acetona y se
purificaron por centrifugacion. La sintesis de Poai, Pra1 se llevo a cabo por el
mismo procedimiento pero adicionando la sal de amonio correspondiente. De la
misma manera se sintetizd Popaz, Poa2 Y Praz pero en ausencia de OLA. Las

peliculas de perovskita se prepararon por spin-coating (capitulo 3).
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Capitulo 6. Quimica de superficie para obtener nanoparticulas y peliculas
solidas de CHsNHsPbBr; muy luminiscentes

Como se demostré en el capitulo 4, las nanoparticulas de CHsNH3sPbBrs se pueden
preparar con una alta dispersibilidad y luminiscencia (PLQY de hasta 83%)
usando el método de inyeccion en caliente y ligandos de alquilamonio de cadena
media.l®%°1 En 2015 Zhang et al.®® publicé otra interesante estrategia para la
preparacion de nanoparticulas de CHsNHsPbBr; (PLQY de 70%) denominado
método de re-precipitacion asistida por ligando (LARP). EI método consiste en la
inyeccion de una disolucion precursora en dimetilformamida, compuesta de una
mezcla de CH3NH3X, PbX: y el ligando organico (octilamina y cido oleico), en
un solvente no polar (como tolueno) y a temperatura ambiente. Poco después,
Huang et al.® demostr6 el cambio de las propiedades opticas de las
nanoparticulas de CH3NH3PbBr; con el tamafio siguiendo la misma estrategia,
pero variando la temperatura del tolueno (0-60 °C) y usando oleilamina y OLA
como ligandos (PLQY de hasta 93 %). Sin embargo, el rendimiento quimico de la
sintesis de las nanoparticulas por el método LARP es limitado debido a la

formacion de material volumétrico.

Teniendo en cuenta estos resultados, el primer objetivo en este estudio fue
alcanzar el maximo en las propiedades de emision de las nanoparticulas de
CH3NH;PbBr3, asi como también prepararlas con un alto rendimiento quimico.
Para ello era necesario mejorar el recubrimiento organico y posiblemente la
proporcién de los componentes utilizados para la preparacion de las
nanoparticulas. Ademas, nos enfocamos en explorar la preparacion de peliculas
solidas de nanoparticulas que conservaran las propiedades Opticas de las
nanoparticulas coloidales. El interés en la preparacion de peliculas de
nanoparticulas estd motivado por el hecho de que las peliculas de perovskita
preparadas por los métodos a partir de disolucion de los precursores son
policristalinas y con una separacion entre los granos que puede limitar la eficiencia

en dispositivos optoelectrénicos.l*-1%41 |a preparacion a partir de dispersiones
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coloidales de nanoparticulas podria mejorar la morfologia de las peliculas. A este
respecto, se planted la hip6tesis de que el ligando organico seleccionado, ademas
de proporcionar una buena pasivacion de la superficie de las nanoparticulas,
tendria que proporcionarles una baja tendencia a la agregacién en disolucion,
permitir su ensamblaje en una pelicula sélida compacta y ser compatible con el

transporte de carga.

Estos objetivos se abordaron utilizando inicialmente el bromuro de 2-
adamantilamonio (2ADBr) como Unico ligando y mediante el método de LARP.
Ademas, considerando la afinidad con cucurbit[7]uril (CB) también se explord la
preparacion de un sistema huésped-receptor en la superficie de las nanoparticulas
(figura 6.1).[1%1%1 Sorprendentemente, las nanoparticulas de CH3NHzPbBr3
preparadas con 2ADBr como ligando, Pap, presentaron una banda de emision
centrada en 520 nm (figura 6.1) y alcanzaron el maximo de eficiencia en la
emisién con un PLQY = 100 % (Small 2016, 12, 5245-5250). Por otra parte las
nanoparticulas preparadas en presencia de CB, Pap-cs, presentaron un PLQY de
86 % y maximo de emision en 519 nm (figura 6.1, tabla 6.1). Ambas
nanoparticulas mostraron una estructura cristalina cubica de CH3NHsPbBrs, con
un tamafio de 53 nmy 34 nm para Pap y Pab-cs respectivamente (figura 6.2). El
analisis por AFM revel6 la formacion de agregados de nanoparticulas de Pap con

el incremento de la concentracion (figura 6.3).

El andlisis de la composicion se llev a cabo mediante TGA y *H RMN, los cuales
revelaron que el rendimiento quimico de la sintesis de las nanoparticulas fue del
76 %. La interaccion del CB con la superficie de las nanoparticulas de Pap-cs se
analiz6 registrando su espectro de ATR-FTIR y comparandolo con el de sus
precursores (figura 6.4). En el espectro se observé que el maximo de la banda del
CB en 1710 cm?, que corresponde a la vibracion de estiramiento de los grupos
carbonilos, se desplazé a 1734 cm™ en el caso de Papcs, indicando asi la

interaccion de los carbonilos del CB con la superficie de las nanoparticulas.
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Los estudios de fotoestabilidad en disolucién mostraron que la intensidad de
emision en funcién del tiempo de irradiacién de Pap disminuye un 25 % después
de 180 minutos de irradiacion continua con luz UV (figura 6.5), mientras que la
de Pap-cs permanece inalterada. Ademas, las disoluciones de Pap.ce mostraron una
mayor estabilidad en contacto con agua y bajo irradiacion continua con luz UV
(figura 6.6). Estos resultados indicaron que el CB como ligando reduce la

descomposicion de las nanoparticulas por efecto de la humedad.

A pesar de las excepcionales propiedades Opticas de Pap, el estudio de
luminiscencia resuelta en el tiempo revel6 tiempos de vida de emision
inusualmente largos en disolucién (mayor a 200 ns, tabla 6.1). Tiempos de vida
mas cortos se obtuvieron después de un proceso de separacion y dilucién de las
nanoparticulas (figura 6.7), indicativo del efecto de la agregacion de las

nanoparticulas en los tiempos de vida de luminiscencia.

Considerando las excelentes propiedades fotofisicas de las nanoparticulas de
CH3NH3PbBr; obtenidas con 2ADBr, posteriormente nos centramos en la
optimizacién de la estabilidad coloidal de las nanoparticulas, con el objetivo final
de preparar peliculas solidas de nanoparticulas, para lo cual es importante usar
nanoparticulas que no se agreguen en disolucion. Para ello, se explor6 la
combinacion de ligandos, en particular 1 0 2-adamantilamina y &cidos
carboxilicos alquilicos (figura 6.8), para reducir la tendencia de agregacion en la
dispersion y a la vez preparar peliculas solidas de nanoparticulas con Gptimas
propiedades de transporte (Journal of Materials Chemistry C 2018, 6, 6771-6777).

Utilizando este sistema binario de ligandos se prepararon con éxito nanoparticulas
coloidales de CH3;NHsPbBrs; (tabla 6.2 y tabla 6.3). Las nanoparticulas de
CHsNH3PbBr; con 2-adamantilamina (2ADA) mostraron las mejores propiedades
fotofisicas, con bandas de emisién con maximos en 521 nm, PLQY cercanos al
100 % y tiempos de vida de luminiscencia menores a 50 ns (figura 6.9). Los altos
rendimientos cuanticos, asi como los tiempos de vida méas cortos en comparacion

con los observados anteriormente, indicaron que el 2ADA permite un
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recubrimiento eficiente de la superficie de la nanoparticulas, mientras que el &cido
carboxilico impide su agregacion. Un andlisis detallado por XPS de las
nanoparticulas de CH3sNH3sPbBrs con 2ADA y &cido propidnico, P2apa-propisnico,
demostr6 que la amina y el acido carboxilico actian como ligandos en la

superficie de las nanoparticulas (figura 6.10).

Posteriormente, se procedidé a la preparacion de peliculas de nanoparticulas
utilizando la técnica de centrifugal casting.[®®1251261 Esta técnica nos permitio
controlar el espesor y la homogeneidad de las peliculas por variacion de la
concentracion de las nanoparticulas de P2apa-propisnico €N dispersion, obteniendo asi
peliculas solidas de nanoparticulas con un espesor de hasta 700 nm,
aproximadamente (figura 6.13). La peliculas sélidas mantienen las propiedades
Opticas del coloide, en particular un elevado PLQY de hasta 80 % (figura 6.14 y
tabla 6.4).

Con la finalidad de evaluar las propiedades conductoras de las peliculas de
nanoparticulas, se prepar6é un dispositivo en colaboracién con el Dr. Michele
Sessolo. El dispositivo reveld buen transporte de carga y una moderada
electroluminiscencia. Esta ultima se atribuy6 a la falta de optimizacion en el
dispositivo o de homogeneidad en la morfologia y propiedades optoelectrdnicas
de la pelicula. Para estudiar dichos efectos se realiz6 un analisis de la topografia
y conductividad por AFM de una pelicula solida de nanoparticulas con un espesor
de 291 nm (figura 6.15). La imagen de topografia de AFM mostré salientes y
depresiones (rango + 80 nm) en la morfologia de la pelicula, mientras que la
imagen de AFM conductivo de la misma area revel6 regiones con baja y alta
conductividad, con maximos de corriente de 100 pA (figuras 6.16). Estos
resultados indicaron que la heterogeneidad de la corriente observada en la pelicula
podria ser el limitante de la distribucion de carga dentro de diodo, permitiendo un
buen transporte de carga pero una electroluminiscencia ineficiente. No obstante,
las &reas de alta conductividad en las imagenes de AFM conductivo indicaron la

formacion de regiones donde la interaccion entre nanoparticulas era muy eficiente,
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debido a la fuerte interaccién entre las moléculas de ADA, las cuales reducen la

distancia entre las nanoparticulas y permiten el ensamblaje en la pelicula.

En conclusion, se demostré que la pasivacion de las nanoparticulas de
CH3sNH3PbBr3 con bromuro de adamantilamonio como Unico ligando organico,
permitié alcanzar el maximo de eficiencia en sus propiedades emisivas con un
rendimiento cuantico de emision de 100 %. Ademas, las nanoparticulas coloidales
se prepararon con alto rendimiento quimico y estabilidad coloidal, manteniendo
su estabilidad después de seis meses a temperatura ambiente. Las nanoparticulas
mostraron baja fotoestabilidad bajo irradiacion continua con luz ultravioleta, sin
embargo la capacidad del adamantilo para formar el sistema supramolecular con
cucurbit[7]uril como ligando en la superficie mejoré la estabilidad bajo

condiciones drésticas de irradiacién y contacto con el agua.

Aunque el ligando de adamantilamonio mejoré las propiedades luminiscentes de
las nanoparticulas, se observé una agregacidn considerable en la dispersion y
como consecuencia tiempo de vida de luminiscencia extraordinariamente largos.
La combinacion del sistema de ligandos 2-adamantilamina y acidos carboxilico
alquilicos permiti6 preparar nanoparticulas coloidales con wuna alta
dispersabilidad, luminiscencia y tiempos de vida cortos. Las nanoparticulas
coloidales de CH3sNH3PbBrs, en particular aquellas con acido propidnico, permitio
el ensamblaje eficaz de las nanoparticulas en forma de peliculas solidas compactas
con un espesor de varios cientos de nanémetros. Las peliculas mantuvieron las
propiedades Opticas, en particular el rendimiento cuantico de emision (de hasta 80

%) y ademas mostraron buenas propiedades de transporte de carga.

Método Experimental. La sintesis de las nanoparticulas de CHsNHsPbBr;
descritas en este capitulo se llevd a cabo por el método de LARP. Para la sintesis
de Pap se prepar6 una disolucion precursora en dimetilformamida de CHsNH;Br,
2ADABr y PbBr, en una relacion molar de 1.2:0.8:1.0. Seguidamente, la
disolucién precursora se inyecto en tolueno (5 mL) y se dejé en agitacion a

temperatura ambiente durante una hora. Posteriormente, las nanoparticulas se
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purificaron por centrifugacion. La sintesis de Pap.cs Se llevé a cabo siguiendo el
mismo procedimiento, pero adicionando ademas cucurbit[7]uril (CB) en una
relacion molar 2ADBr:CB de 12:1.

La sintesis de P2apa-propisnico, S€ 1l€VO a cabo por el mismo método, pero preparando
una disolucion precursora en dimetilformamida de CHsNHsBr, 2ADA, &cido
propidnico y PbBr; en una relacion molar de 1.0:1.1:0.8:9.5. Posteriormente, la
disolucion se inyect6 en tolueno (5 mL) en agitacion y a temperatura ambiente.
Finalmente, las nanoparticulas coloidales se purificaron por centrifugacion. Las
sintesis de nanoparticulas coloidales con diferentes acidos carboxilicos y con 1-
adamantilamina se llevd a cabo siguiendo el mismo procedimiento, pero
sustituyendo la amina o el acido correspondiente y manteniendo la misma relacion
molar entre los componentes. Las peliculas de nanoparticulas se prepararon por el

método de centrifugal casting (capitulo 3).
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Capitulo 7. Sintesis de nanoparticulas de CH3NH3PbBr3sin ligandos organicos
y su preparacion en forma de peliculas sélidas

Como se describi6 en el capitulo anterior, las peliculas de perovskita preparadas
a partir de disoluciones de los precursores de la perovskita son peliculas
policristalinas y su preparacion con frecuencia es poco reproducible en cuanto a
su morfologia. Por lo tanto, existe un gran interés para la preparacién de peliculas
a partir de nanoparticulas coloidales debido a su homogeneidad y propiedades
optoelectronicas. Teniendo en cuenta que la pasivacion de las nanoparticulas de
perovskita con ligandos organicos puede interferir en las propiedades
conductoras, el objetivo de este estudio fue la preparacién de nanoparticulas de

perovskita sin ligandos orgéanicos.

Existian pocos ejemplos de preparacién de nanoparticulas de CH3;NH3PbBr3 sin
ligandos organicos, utilizando en particular los métodos de re-precipitaciont*?’-12°
y de ablacion laser.*0131 Por consiguiente, nos centramos en explorar la
preparacion de nanoparticulas de CH3sNH3sPbBr; sin ligando organico, mediante
el uso de un exceso de CHsNHs* y de la sal inorgénica de hexafluorofosfato de
potasio (KPFs), cuyo anion PFg es mas lipofilico y menos coordinante que el Br.
Por lo cual, se plante6 remplazar el exceso del cation CH3sNHs* en la superficie de
las nanoparticulas por K*, teniendo en cuenta la mayor entalpia de formacion de
KBr que la de CHsNH;3Br (-394 kJ/mol vs -259 kJ/mol),[*¥21%1 con el objetivo
final de formar nanoparticulas coloidales estables. (ACS Omega 2018, 3, 1298-
1303)

La sintesis se llevd a cabo mediante la inyeccion en acetato de etilo de una
disolucion precursora en dimetilformamida compuesta de CHsNH3sBr, KPFg y
PbBr,. Sorprendentemente, se obtuvieron nanoparticulas estables en dispersion en
acetato de etilo durante 3 horas. El espectro de absorcion y emision reveld una
banda con méximos en 505 nm y 525 nm, respectivamente (figura 7.1). Ademas,

no se observaron bandas de absorcion adicionales que indicase la sustitucion de
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CH3NHs* por K*en la estructura cristalina de la perovskita.[***! Las nanoparticulas
coloidales presentaron un PLQY de 17 % y un tiempo de vida media de 29 ns.

El anélisis de la composicién de las nanoparticulas y de los sobrenadantes de la
sintesis se llevd a cabo por *H NMR y °F NMR (figura 7.2). El espectro de *°F
NMR revel6 que los aniones de PFes permanecen en el sobrenadante y no en las
nanoparticulas. El espectro de PXRD demostré ademéas que las nanoparticulas
tienen la estructura cristalina cubica de CHsNH3PbBr; y un tamafio promedio de
62 nm (figura 7.3).521351%7] Estos resultados indicaron que el cation K* no se
incorporo en la estructura cristalina, por lo cual las nanoparticulas de perovskita
CHsNH3PbBr estan pasivadas con KBr y se denominaron MAP@K.

El efecto de K* se estudié ademas llevando a cabo la sintesis sin la adicion de
KPFs. El sélido naranja obtenido fue muy poco dispersable en acetato de etilo y
el espectro de absorcion present6 una banda poco intensa y una elevado scattering,
lo cual se atribuyd a la formacién de material CH3NH3sPbBrs volumétrico de
tamafio heterogéneo. Estos resultados confirmaron que el cation K* no solo pasiva
la superficie sino que también permite la estabilidad coloidal de las nanoparticulas
de CH3;NHsPbBrs; en un disolvente medianamente polar y evitan el colapso de las

nanoparticulas.

Considerando la efectiva preparacion de nanoparticulas en forma de peliculas por
el método de centrifugal casting,® se preparé una pelicula sélida de
nanoparticulas a partir de MAP@K en acetato de etilo. Sin embargo, ésta pelicula
presentd un recubrimiento incompleto del substrato, figure 7.4. Por consiguiente,
se realiz6 una optimizacion del método de deposicién aumentando el volumen de
la dispersion de nanoparticulas (MAP@KGe) y llevando a cabo la preparacion a
partir de una dispersién de MAP@K en una mezcla de acetato de etilo y tolueno
(MAP@KGgs). Esta ultima condicion permitié obtener peliculas homogéneas y

luminiscentes con un maximo de emision en 530 nm (PLQY de 7%).
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Para el estudio de las propiedades conductoras de las peliculas de nanoparticulas
por AFM conductivo, se prepar6 una pelicula sélida sobre un sustrato conductor,
MAP@KGE4, con un espesor promedio de 881 nm (figura 7.5). La imagen de la
topografia por AFM mostré salientes y depresiones en un rango de + 100 nm
(figura 7.6). La imagen de conductividad mostré una distribucion heterogénea de
conductividad, con regiones de baja y alta magnitud de corriente. Las zonas de
alta conductividad se atribuyeron a una alta densidad de nanoparticulas con una
conductividad eléctrica efectiva entre ellas. Las propiedades de transporte de
carga fueron comparables con las observadas en una pelicula policristalina de
CH3NH3PbBr; preparada por spin-coating a partir de una disoluciéon de los

precursores en dimetilformamida.

En conclusion, en este estudio se demostrd la preparacion de nanoparticulas de
CH3NH3PbBr3 libres de ligandos organicos, a partir de la adicion de la sal de
potasio en la disolucion precursora y en exceso de metilamonio. Los cationes de
potasio confinaron las nanoparticulas a escala nanométrica, brindaron estabilidad
coloidal en un disolvente moderadamente polar, y permiti6é el ensamble de las
nanoparticulas en forma de peliculas. El estudio de AFM conductivo demostro la
formacidn de regiones de alta conductividad distribuidas en diferentes regiones de
la pelicula. Se prevé que estos resultados promuevan el interés en nanoparticulas
hibridas desnudas debido a las nuevas oportunidades que ofrece este tipo de

material.

Método Experimental. La sintesis de las nanoparticulas de MAP@K se llevo a
cabo por el método de LARP, utilizando acetato de etilo como disolvente. Para
ello se preparé una disolucién en dimetilformamida de CHsNH3Br, KPFs y PbBr
en una relacién molar de 2:2:1. Seguidamente, la disolucion precursora se inyecto
en acetato de etilo (10 mL) en agitacion y a temperatura ambiente. Posteriormente,
las nanoparticulas en disolucion se centrifugaron y el solido se disperso en acetato
de etilo. Por otra parte, la preparacion de las peliculas se llevo a cabo por el método

de centrifugal casting. La pelicula MAP@KF; se prepard afiadiendo el coloide
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MAP@K (10 ml) recién preparado a un tubo de centrifuga conico (50 ml) que
tenia el sustrato de vidrio en su parte inferior. La mezcla se centrifugd durante 7
minutos a 8000 rpm, y posteriormente, el sobrenadante se descartd. Finalmente,
el sustrato de vidrio con la pelicula sélida de nanoparticulas depositadas se dejo
secar en atmosfera de acetato de etilo a temperatura ambiente. MAP@Kg, se
prepard siguiendo el método descrito para MAP@Kg pero aumentando en
volumen del colide a 20 ml, sin variar la concentracién. MAP@KGg; se preparo
siguiendo el método descrito para MAP@KGg; pero afiadiendo tolueno (10 ml) al
coloide en acetato de etilo antes de la etapa de centrifugacién. Para el analisis por
AFM la pelicula MAP@Kgs se preparé siguiendo el método descrito para

MAP@KGE; pero usando un sustrato de vidrio recubierto de ITO.
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Capitulo 8. Conclusiones

Las conclusiones de esta tesis, enfocada en la sintesis de nanoparticulas coloidales

de perovskitas organicas-inorganicas de bromuro de plomo, son:

Se prepar0 por primera vez nanoparticulas de perovskita CHsNHs;PbBrs
coloidales utilizando el método de inyeccion en caliente, un método sin
plantilla. Las nanoparticulas mostraron ser luminiscentes con rendimiento
cuantico de emisién de 20 %. La sal de alquilamonio de longitud de cadena
media junto con un surfactante, especificamente acido oleico, controlaron el
crecimiento y la dispersabilidad de las nanoparticulas. Ademas, la dispersion
de las nanoparticulas en disolventes organicos permitio la preparacién de una
pelicula sélida delgada con propiedades luminiscentes y de un dispositivo
emisor de luz. La electroluminiscencia del dispositivo basado en la pelicula
de nanoparticulas fue més alta que la observada en uno preparado con el

mismo material volumétrico.

Posteriormente, se prepararon nanoparticulas coloidales de perovskita
CH3NH3PbBrs, con un rendimiento cuéntico de emision de hasta el 83 %
siguiendo la misma estrategia. La longitud del catién de alquilamonio, la
relacion molar de los componentes de la perovskita y la eliminacion del acido
oleico, fueron factores claves para las propiedades Opticas de las
nanoparticulas de perovskita CH3NHsPbBrs. Ademas, las nanoparticulas
presentan buena fotoestabilidad bajo irradiacion UV continua del coloide y

conservan sus propiedades emisivas en estado sélido.

Se prepar6 con éxito perovskitas luminiscentes y dispersables con estructura
inorgénica 2D, (RNHz3)2PbBrs, por el método de inyeccion en caliente. El
coloide obtenido con el bromuro de octadecilamonio presentd un rendimiento

cuéntico de emision del 21% y una féacil procesabilidad.
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= La pasivacion de la superficie de las nanoparticulas de CHsNH3sPbBrs con
bromuro de adamantilamonio como Unico ligando orgénico permitié obtener
coloides con una excepcional luminiscencia (rendimiento del 100 %). Las
nanoparticulas coloidales se prepararon con alto rendimiento quimico.
Ademas, se mejord la fotoestabilidad de las nanoparticulas en disolucion bajo
irradiacion continua y en contacto con agua a traves de la formacion del
complejo adamantilamonio-cucurbit[7]uril en la superficie de las
nanoparticula. Sin embargo, estos coloides mostraron una alta tendencia de
agregacién 'y, como consecuencia, tiempos de vida de emision

considerablemente largos.

= La sintesis nanoparticulas de CHs;NH3;PbBr; usando la combinacién de
adamantilamina/acido carboxilico alquilico como ligandos organicos
disminuy6 drasticamente la tendencia de agregacion de las nanoparticulas en
disolucion, y como consecuencia, el tiempo de vida de emision de coloide,
conservando a la vez su elevado rendimiento cuantico de emisién. Ademas,
la sinergia de los ligandos orgéanicos permitio el ensamblaje de las
nanoparticulas en una pelicula sélida de nanoparticulas con un espesor de
varios cientos de nanémetros. Las peliculas solidas de nanoparticulas
conservaron notablemente la morfologia de las nanoparticulas, asi como
también sus propiedades Opticas y presentaron ademas un buen transporte de

carga.

= Finalmente, se prepar6 con éxito la sintesis de nanoparticulas de
CH3NH3PbBr; libres de ligandos organicos, mediante la adicion de
hexafluorofosfato de potasio y un exceso de bromuro de metilamonio a la
disolucion precursora. El cation de potasio en la superficie estabiliz6 las
nanoparticulas, el coloide en un disolvente moderadamente polar y permitio
el ensamblaje de las nanoparticulas en forma de peliculas sélidas. Ademas,
las medidas de microscopia de fuerza atdbmica conductivo de la pelicula de

nanoparticulas demostrd la formacion de regiones de alta conductividad la
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cuales se pueden atribuir a la formacion de regiones de nanoparticulas con
una efectiva conectividad eléctrica entre ellas. Las propiedades de transporte
de carga de la pelicula solida de nanoparticulas fueron comparables con las
de una pelicula delgada policristalina del material volumétrico.
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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-

0,%%71% whose porosity permits the formation of
CH3NH3PbX3 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 efﬁaent 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 bromlde,
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 PbX,
octahedra (Figure 1), the longer alkyl chain cations only fit
the periphery of the octahedra set with their chains dangling

Received: October 31, 2013
Published: January 3, 2014

dx.doi.org/10.1021/ja4109209 | J. Am. Chem. Soc. 2014, 136, 850—853



Journal of the American Chemical Society

Communication

Figure 1. HRTEM image of an isolated perovskite nanoparticle (scale
bar 2 nm) and schematic representation of an array of corner sharing
MX 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 Pop,1, Popa2, and Pop,3, 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 Pop,l, Popa2,
and Pppy3, 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 Pop,2 proved to be the
most effective in the formation of nanoparticles (see Figures S4,
SS, and S6 for Popal, Popa2, Popad, respectively). Interest-
ingly, the fluorescence spectra of the Pyp, 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 Popal, Popa2, and Popa3,
respectively. However, while this emission band was highly
symmetrical in the case of Pop,2 and Pyp,3, this was not the
case for Pypal, 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 Pop,.

Remarkably, Po,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 Pp,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 4,,,, = 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.

dx.doi.org/10.1021/ja4109209 | J. Am. Chem. Soc. 2014, 136, 850—853
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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 P2 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 P42 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 Py, (2 mg/mL), the following
organic solvents were used: toluene, hexane, tetrahydrofuran,
chloroform, dioxane, dimethylsulfoxide, anisole, ethyl acetate,
isopropanol, and methanol. Py,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 Po,2 as well as the crystallinity of the sample (Figure
$10). The XRPD pattern of the sam3ple showed that it was
highly crystalline. Pawley refinement**** performed by using
the TOPAS computer program, demonstrated that Pn,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 (5) A, space group =
Pm-3m).*>*® The list of peak positions of the XRPD pattern is
shown in Table S1. Energy-dispersive X-ray spectroscopy
(EDS) analysis in nanoprobe mode showed that Py,2
presented a Br/Pb ratio of 77/23 in good agreement with a
PbBr; stoichiometry. In addition, TEM images of P52 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 $.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 (S) A measured in the bulk perosvkite

The crystalline Pp,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 P,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 Ps2
colloidal solution in toluene (Figure 4). The @ of the film,
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Figure 4. (a) Room-temperature fluorescence spectrum (A = 350
nm) of a thin film prepared using colloidal Pp2. (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 @y 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 P,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

dx.doi.org/10.1021/ja4109209 | J. Am. Chem. Soc. 2014, 136, 850—853
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clearly demonstrates the benefit of nanoparticles over bulk films
in already one application.

We also succeeded to prepare APbI; 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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MATERIAL AND METHODS

Materials

All commercial materials were used as received: aqueous dispersion of poly(3.4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, CLEVIOS™ P VP Al 4083
(Heraeus); Aluminum oxide nanoparticles, <50 nm particle size (DLS), 20 wt. % in isopropanol
(Aldrich);  SPPO13  (2,7-bis(diphenylphosphoryl)-9,9'-spirobi[fluorene], = Luminescence
Technology Corp.) and pTPD (Poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)-benzidine],
American Dye Source Inc.). All the reagents used in the synthesis of the perovskites and the
alkyl ammonium bromides were purchased from Aldrich and used as received. The organic
solvents were of spectroscopic grade (Scharlab).

The precursors, methylammonium bromide (CH3;NH;Br) and octylammonium bromide
(CH;3(CH,),NH;Br), were synthesized by reaction of the corresponding amine in water/HBr,
accordingly to the previously reported procedure.' In the case of octadecylammonium bromide
(CH;(CH,),7NH;Br), it was prepared by using a similar methodology but the amine was
previously dissolved in acetonitrile at 60°C and then HBr was added. In all cases, the precipitate
was washed several times with diethyl ether, dried under vacuum and used without further
purification.

Synthesis of Pgps;. A solution of oleic acid (85 mg, 0.3 mmol) in 2 ml of octadecene was
stirred and heated at 80 °C and then, octadecylammonium bromide (17.5 mg, 0.05 mmol) was
added. Subsequent addition of methylammonium bromide (5.5 mg, 0.05 mmol dissolved in 100
ul of DMF) and lead(Il) bromide (36.7 mg, 0.1 mmol dissolved in 100 pul of DMF) produced a
yellow dispersion from which the nanoparticles were immediately precipitated by addition of
acetone followed by centrifugation (7000 rpm, 10 min). Finally, the nanoparticles were
dispersed in toluene.

Synthesis of Popaz. The same procedure than for Popa; was followed, except that the quantity
of octadecylammonium bromide and methylammonium bromide was 21 mg (0.06 mmol) and
4.4 mg (0.04 mmol), respectively.

Synthesis of Popas. The same procedure than for Popa; was followed, except that the quantity
of octadecylammonium bromide and methylammonium bromide was 24.5 mg (0.07 mmol) and
3.3 mg (0.03 mmol), respectively.

Synthesis of Pg,,. A solution of oleic acid (85 mg, 0.3 mmol) in 2 ml of octadecene was stirred
and heated at 80 °C and then, octylammonium bromide (12.6 mg, 0.06 mmol) was added.
Subsequent addition of methylammonium bromide (4.4 mg, 0.04 mmol dissolved in 100 pl of
DMF) and lead(IT) bromide (36.7 mg, 0.1 mmol dissolved in 100 pul of DMF) produced a yellow
dispersion from which the nanoparticles were immediately precipitated by addition of acetone

followed by centrifugation (7000 rpm, 10 min). Finally, the nanoparticles were dispersed in
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toluene.

Film preparation. Quartz substrates were extensively cleaned using detergent, de-mineralized
water, and isopropyl alcohol, respectively, followed by 90 min UV-ozone treatment and 10 min
of oxygen plasma cleaning in order to enhance good thin film formation. A colloidal solution of
Poax perovskite in toluene was spin-coated on top of the quartz substrates with 1000 rpm during

30 sec resulting in film thickness of ca. 20-30 nm.

Characterization Methods

UV-visible spectra of the samples were recorded using a quartz cuvettes spectrometer in a
UV-visible spectrophotometer Agilent 8453E.
Steady-state fluorescence spectra were measured on a Amnico Browman series 2 Luminescence
spectrometer, equipped with a lamp power supply and working at room temperature. The AB2
software (v. 5.5) was used to register the data. All the data were acquired using 1cmx1cm path
length quartz cuvettes, using an excitation wavelength of 350 nm.

Transmission electron microscopy TEM, high resolution TEM (HRTEM), selected
area electron diffraction, and energy dispersive X-ray spectroscopy EDS in nanoprobe
mode was carried out by using a Field Emission Gun (FEG) TECNAI G* F20
microscope operated at 200 kV. TEM samples were prepared from a toluene dispersion
of the NPs, and a few drops of the resulting suspension were deposited onto a carbon
film supported on a copper grid, which was subsequently dried.

The electroluminescent devices were made as follows. Indium tin oxide ITO-coated glass plates
were patterned by conventional photolithography (Naranjo Substrates). The substrates were
cleaned ultrasonically in water-soap, water and 2-propanol baths. After drying, the substrates
were placed in a UV-ozone cleaner (Jelight 42-220) for 20 min. Next layers were prepared as
follows:

Type 1: A layer of Al,O; nanoparticles was coated by spin-coating on ITO at 2000 rpm from a
dispersion of 1:2 isopropanol:ethanol v/v. After that, the sample was sintered at 300°C during 2
hours. The perovskite layer was coated using a two-step process: a) A solution of 50 mg/mL in
DMF of PbBr, was spin-coated at 1500 rpm on the Al,O; nanoparticle layer b) the substrate was
dipped in a methyl ammonium bromide solution (10 mg/mL in 2-propanol). The SPPO13 layer
was prepared from a solution of 10 mg/mL in anisole at 1000 rpm for 60s.

Type 2: An 80 nm layer of PEDOT:PSS was spin-coated on the ITO-glass substrate. After that,
a chlorobenzene solution of 7 mg/mL was used to coat the pTPD layer at 2000 rpm during 30 s.
The layer was annealed at 180°C for 30 minutes and after that, the samples were washed 3 times
with chlorobenzene at 2000 rpm. The pervoskite layer was prepared from POA2 nanoparticles
in toluene (4 mg/mL).
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Finally, all the devices were transferred into an inert atmosphere glove-box, where the
bariumy/silver electrode was thermally evaporated using a shadow mask. The size of the device
was 6.5 mn’.

The thickness of the films was determined with an Ambios XP-1 profilometer. Thin film
photoluminescence spectra and quantum yields were measured with a Hamamatsu C9920-02
Absolute PL Quantum Yield Measurement System. It consists of an excitation light source (a
xenon lamp linked to a monochromator), an integration sphere and a multi-channel
spectrometer. Current density and luminance versus voltage sweeps were measured by using a
Keithley 2400 source meter and a photodiode coupled to the Keithley 6485 pico-amperometer
calibrated using a Minolta LS100 luminance meter. Electroluminescence spectra were recorded
with an Avantes fiber-optics photo-spectrometer. The devices were not encapsulated and were

characterized inside the glovebox.

Stability tests of toluene colloidal solutions of Py,2 under light illumination

Test 1. A toluene colloidal solution of Pps2 was irradiated for up to 60 min, using 10 x 10 mm
quartz cuvette placed in a Luzchem photoreactor equipped with eight UV-A lamps (316-400
nm, maximum at 351 nm). The room-temperature fluorescence of the sample (Ao = 350 nm,

Aem = 528 nm) was recorded every 3 min.

Test 2. A toluene colloidal solution of Pp,2 was illuminated for up to 160 min, using 10 x 10
mm quartz cuvette placed in the sample-holder of a PTI- LPS-220B spectrometer equipped with

a Xenon lamp (75 W). The Felix 32 analysis software was used to register the data.
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Figure S1. Absorption (a) and room-temperature emission (b) spectra of Popa1
in toluene (Aexc = 350 NM; Aem= 393, 457 nm, 475 nm, 529 nm; FWHM = 26 nm)
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Figure S3. Absorption (a) and room-temperature emission (b) spectra of Popas
in toluene (Aexc = 350 NM; Aem= 395 and 524 nm; FWHM = 23 nm)
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Figure S4. TEM images of Popa1, scale bar: 0.5 um (a), 0.2 um (b), 10 nm (c)
and 2 nm (d).
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Figure S5. TEM images of Popaz2, scale bar: 50 nm (a), 50 nm (b), 20 nm (c)
and 2 nm (d).
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Figure S6. TEM images of Popas, scale bar: 0.1 um (a), 50nm (b), 20 nm (c)
and 10 nm (d).
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Figure S7. Photographs of Poa2 and Poap2 in toluene under lab light (a) and
UV-light (b).
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Figure S8. Room-temperature fluorescence intensity of Poaz in toluene (Aem=
528 nm) as a function of the illumination time. Top: the sample was irradiated by
using eight UVA lamps (intensity 5.3 mW.cm™); inset: fluorescence spectra of
the sample (Aexc= 350 nm; Aem= 528 nm) before and after 60 minutes irradiation.
Bottom: the sample was continuously irradiated by using a fluorimeter excitation
lamp (Aexc= 350 nm); inset: fluorescence spectra of the sample (Aexe= 350 nm;
Aem= 528 nm) before and after 160 minutes of illumination.
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Dispersibility of Poa2 in organic solvents

Protic
Solvent

Aprotic solvent

Solvent

Figure S9. Photographs of the solutions obtained after solid Poa2 (2 mg) was
dispersed in different organic solvents (1 mL); methanol led to the same result
to isopropanol (this photograph has not been included).
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Figure S10. Observed (blue) and calculated (red) profiles and difference plot
[(lops — lcaica)] (green) of the X-ray powder diffraction Pawley refinement for Poaz
(A =Cu K,, 206 range 5.0-50.0 °); tick marks indicate peak positions for Poa2 (see
Table S1).

Table S1: XRD parameters of Poaz (A = Cu K,)

hkl d(A) 2-theta (°)
001 5.93482 14.91526
011 4.19655 21.15379
111 3.42647 25.98318
002 2.96741 30.09099
021 2.65413 33.74296
211 2.42288 37.07516
022 2.09828 43.07498
221 1.97827 45.83172
003 1.97827 45.83172
031 1.87676 48.46513
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Figure S11. TEM images of Poaz; scale bar: 50 nm (a), 20 nm (b) and 5 nm (c,
d). Inset in ¢: zoom of two NPs.
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Figure S13. TEM images of ODA-capped CH3NH3;Pbl; nanoparticles
synthesized by performing small variations on the strategy reported in the
manuscript, scale bar: 20 nm (a, b) and 5 nm (c, d).

(1 Papavassiliou, G. C.; Pagona, G.; Karousis, N.; Mousdis, G. A.; Koutselas, 1.;
Vassilakopoulou, A. Journal of Materials Chemistry 2012, 22, 8271.
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1. Introduction

Currently, scientists have shown great interest in organolead
halide perovskites with the general formula of APbX; (A =
organic ammonium cation and X = halide anion). These
compounds present a three-dimensional (3D) inorganic
framework consisting of corner-sharing PbXs octahedra and
small-sized organic cations in the voids between the octahedra.

Organometal halide perovskites combine the favourable
properties of the inorganic semiconductor, namely its excellent
charge carrier mobility, with the flexibility and low-temperature
processability of the organic material.* In particular, methyl-
ammonium (MA) lead trihalide perovskite materials allow low-
cost solution processing, and they absorb broadly across the
solar spectrum. Easy and rapid generation of charge carriers,
transport of both electrons and holes, and high photo-
luminescence (PL) efficiency are desirable properties for opto-
electronic devices.>”

The revolution in the use of hybrid perovskites as novel
materials for solid state solar cells started in 2012, when Grétzel
and Snaith reported, practically at the same time, photovoltaic
power conversion efficiencies of 9.7% and 10.9%, respec-
tively.®® In this regard, thin films of organometal halide
perovskites have been recently prepared by vapour deposition;
however, the functional perovskites have mostly been prepared
as nanoparticulate materials using a template method, specifi-
cally by using the pores of mesoporous TiO, and Al,03,” which
in the case of TiO, also act as electron transporters. It is likely
that these mesoporous materials also improve the uniformity of
the perovskite coating.

Instituto de Ciencia Molecular (ICMol), Universidad de Valencia, Catedrdtico José
Beltran 2, 46980, Paterna, Valencia, Spain. E-mail: Raquel.galian@uv.es; julia.
perez@uv.es; Fax: +34 963543273; Tel: +34 963544307

+ Electronic supplementary information (ESI) available: Additional absorption,
emission, TGA, XPS, NMR spectra for perovskite and precursors, as well as
tables with photophysical properties and nanoparticle composition data. See
DOI: 10.1039/c4ta05878]

This journal is © The Royal Society of Chemistry 2015

Maximizing the emissive properties of
CHz;NHzPbBrs; perovskite nanoparticlest

Soranyel Gonzalez-Carrero, Raquel E. Galian* and Julia Pérez-Prieto™®

Highly luminescent and photostable CHsNHzPbBrs nanoparticles have been prepared by fine-tuning the
molar ratio between CH3NHszBr, PbBr,, a medium-size alkyl-chain ammonium salt, and 1-octadecene.
The nanoparticles exhibit an excellent photoluminescence quantum yield (ca. 83%) and average
recombination lifetime (ca. 600 ns) in toluene dispersion.

Remarkably, thin films of MAPbI;_,Cl, mixed halide perov-
skites capped by poly(methyl methacrylate), PMMA, have shown
high charge mobility and low bimolecular non-radiative
recombination (PL decay of ca. 273 ns), thus making it possible
to generate carrier diffusion lengths exceeding 1 micron;
comparatively, the PL decay of MAPbI; was ca. 96.6 ns, and the
carrier diffusion length was ca. 100 nm."

Recently, studies on the photophysical properties of simple
solution-processed crystalline films of these organic-metallic
mixed halides, prepared by spin coating followed by annealing
at 100 °C and subsequent capping with a thin layer of PMMA,
showed that, at room temperature, they exhibited moderate to
high PL quantum efficiencies depending on the excitation
density (from 35% at 25 pJ cm™? to 70% at 1 mJ cm™ 2).* The
decreased PL efficiency at low excitation density was attributed
to the presence of defects that caused non-radiative decay, and
it was suggested that at high excitation density, the defects were
filled and radiative recombination became dominant. Photo-
excitation in the pristine perovskite caused the formation of free
charge carriers within 1 picosecond; the carriers underwent
bimolecular recombination on the time scale of tens of nano-
seconds at higher excitation densities. The long carrier life-
times, together with the exceptionally high luminescence yield
of the films, were unique to these simply prepared inorganic
semiconductors. The high PL efficiency evidenced the small
contribution of non-radiative pathways to the PL decay of these
materials; this is highly relevant and contrasts with the rela-
tively low emission of other semiconductors, which are not
capped with a high energy gap inorganic shell (such as CdSe
nanoparticles).**

The improved performance of MAPbI; ,Cl, mixed halide
perovskite compared with that of MAPbI; in meso-super-
structured solar cells has been attributed to lower charge
recombination rates rather than to better charge mobility.*

A critical issue of organolead iodide perovskite materials is
their stability. MAPbI; perovskite reverts to its precursors; this
is attributed to the hydroscopic amine salts."® However, the
bromide-based perovskites have been proved to be less mois-
ture-sensitive."*

J. Mater. Chem. A, 2015, 3, 9187-9193 | 9187
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Bromide MAPDBr; perovskites can be applied as light
absorbers for high energy photons, and they can serve as the
front cell in tandem cells. This perovskite can provide a higher
open-circuit voltage in perovskite solar cells than the iodide
analogue.'*'® However, the optical performance of MAPbBr;
perovskite is considerably lower than that of the mixed Br/Cl
perovskites.

Thin films of MAPbBr;_,Cl, perovskites have been prepared
by spin-coating the mixtures of the perovskite precursors on top
of an Al,0; mesoporous layer, followed by heating at 100 °C. In
particular, MAPDbBr, ,Cly6 (Amax at 525 nm, average recombi-
nation lifetime, t,,, 446 ns) exhibited the strongest PL emission
among the mixed bromide/chloride perovskites. The t,, of
CH;3NH;PbBr;_,Cl, perovskites was considerably longer than
that of MAPbI;_,Cl,; this suggests that the former compounds
have superior charge diffusion properties. Under the same
conditions, MAPbBr; perovskite showed a much shorter life-
time (7, Of 100 nS; Apay at 530 nm).*

We recently reported that six-nm sized MAPbBr; perovskite
nanoparticles can exhibit a considerable PL quantum yield (ca.
20% as a colloidal solution and film; A,y at 530 nm) at low
excitation densities."”” These nanoparticles were prepared by
simply confining the 3D inorganic framework with octy-
lammonium bromide (OABr). The method involved the use of a
1:1 molar ratio of the total ammonium salt and PbBr,
concentrations, an OABr/MABr molar ratio of 0.6 : 0.4, in the
presence of oleic acid (OLA), and 1-octadecene (ODE). The role
of the latter two compounds in the emissive properties of the
nanoparticles, if any, was not studied. The electroluminescence
measurements of the film prepared from the colloidal solution
exhibited a response ten times greater than that of the bulk
material.

Encouraged by our preliminary results and those mentioned
above, we focused on improving the organic capping of the
bromide nanoparticles, taking into account the fact that surface
states would be highly accessible for passivation treatment.'®**
We envisaged that some methyl ammonium salt could be lost
during the nanoparticle preparation, and that MABr/PbBr,
molar ratios greater than one could be advantageous.

We report here the preparation of highly dispersible
MAPDBr; nanoparticles (Fig. 1), which exhibit an extraordinarily
high photoluminescence quantum yield and lifetime, in
toluene solution and film, as well as high stability and

VNG JERS TAT
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Fig.1 Image of the toluene dispersion of CHzNHzPbBrs nanoparticles
under (a) lab light and (b) UV-laser pointer excitation.
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photostability. These nanoparticles have been prepared by a
non-template strategy, adjusting the molar ratio between the
total ammonium salts and PbBr,, as well as the OABr/MABr/
ODE molar ratio, and by eliminating the use of oleic acid.

2. Experimental section
2.1 Materials and methods

All the chemicals were of analytical grade and used as received
without further purification. Toluene was of HPLC quality for
spectroscopic measurements.

UV-visible measurements. UV-vis spectra were recorded at
room temperature using a quartz spectrometer cuvette in a UV-
visible spectrophotometer Agilent 8453E.

Photoluminescence steady state studies. Steady-state pho-
toluminescence spectra (LPS-220B, motor driver (MD-5020),
Brytebox PTI) were obtained at room temperature on a spec-
trofluorometer PTI equipped with a lamp power supply. Felix 32
analysis software was used to register the data. All the data were
acquired using 1 x 1 cm? path length quartz cuvettes.

The emission spectra (Aee = 350 nm) of the perovskites
dispersed in toluene were measured under air atmosphere
(unless otherwise indicated).

The photoluminescence spectra and quantum yields of the
films were measured with a Hamamatsu €9920-02 absolute PL
quantum yield measurement system (Aexe = 350 nm).

Time resolved photoluminescence. Experiments were
carried out using a Compact fluorescence lifetime spectrometer
C11367, Quantaurus-Tau with a LED pulse light source of 340,
405, and 470 nm. The average lifetime was obtained from the
tri-exponential decays.

Microscopy images. Structural and morphological charac-
terization were performed using bright field transmission
electron microscopy (TEM), dark field TEM, selected area elec-
tron diffraction (SAED) and high resolution TEM (HRTEM). All
these characterization techniques were carried out using a field
emission gun (FEG) TECNAI G2 F20 microscope, operated at
200 kV. TEM samples were prepared by depositing a few drops
of the perovskite solution on a carbon film supported on a
copper grid (200 mesh); the samples were subsequently dried
overnight.

X-ray power diffraction (XRPD). The XRDPD analysis was
performed on a Bruker D8 Advance A25 diffractometer using Cu
Ko (A = 1.54060 A) radiation at a voltage of 40 kV and 30 mA,
and LynxEye detector. The powder diffraction pattern was
scanned over the angular range of 2-80° (26) with a step size of
0.020°, at room temperature.

Nuclear magnetic resonance ('"H-NMR). The spectra were
acquired at room temperature using a Bruker DPX300 spec-
trometer with a 300 MHz Bruker magnet (7 T). The chemical
shifts (6) are reported in ppm relative to tetramethylsilane
(TMS).

Thermogravimetry analysis (TGA). TGA was carried out using
a Mettler Toledo TGA/SDTA 85l1e system with an operative
temperature range of 25-1100 °C and 0.1 microgram sensitivity.
The samples were heated from 25 to 800 °C with at a rate of 10

°C min~ ', under a nitrogen flux of 40 mL min".
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X-ray photoelectron spectroscopy (XPS). XPS data were
acquired with Specs using a Phoibos 150-9MCD X-ray photo-
electron spectrometer. The incident radiation was 50 W. The C
1s peak at 285 eV was set as a reference for all XPS peak
positions.

2.2 Synthesis of nanoparticles

Synthesis of Pga;. A solution of oleic acid (OLA, 0.30 mmol,
85 mg) in 1-octadecene (ODE, 6.26 mmol, 2.0 mL) was stirred
and heated to 80 °C, and then octylammonium bromide (OABr,
0.16 mmol, 33.5 mg) was added. Subsequently, methyl-
ammonium bromide (MABr, 0.24 mmol, 26.4 mg, dissolved in
100 pL of DMF) and lead(u) bromide (0.10 mmol, 36.7 mg,
dissolved in 200 pL of DMF) were added. No color change was
observed after the addition of lead(u) bromide. The solution was
cooled to 60 °C and immediately after the addition of acetone (5
mL), the precipitation of a yellow precipitate was induced. The
unreactive material was separated by centrifugation (7000 rpm,
10 min, 20 °C).

Samples Poa, and Poaz were prepared following the same
procedure but in the absence of OLA and ODE, respectively (see
Table S17 for details).

Film preparation. The quartz substrates were extensively
cleaned using detergent, de-mineralized water, and isopropyl
alcohol, successively, followed by 20 min of UV-ozone treatment
to facilitate good thin film formation. A solution of perovskite in
toluene was spin-coated on top of the quartz substrates at 1500
rpm over 60 s, resulting in the formation of the film.

Photostability assays. The photostabilities of Pos; and Poas
samples were analysed using two different irradiation sources.
Thus, toluene colloidal solutions in 10 x 10 mm® quartz
cuvettes were irradiated in a Luzchem photoreactor equipped
with eight visible lamps (380-490 nm, maximum at 419 nm with
a dose of 70.02 Wm ? in 401-700 nm range). The room
temperature photoluminescence of the samples (Aexc = 350 nm,
Aem = 521 nm) was recorded every 5 min.

In addition, 10 x 10 mm? quartz cuvettes containing the
colloidal solutions were placed in the sample-holder of a PTI-
LPS-220B spectrometer equipped with a xenon lamp (75 W), and
the samples were illuminated with UV light (Aex. = 350 nm). The
Felix 32 analysis software was used to register the data.

3. Results and discussion
3.1 Synthesis of CH;NH;PbBr; nanoparticles

The preparation of the nanoparticles was attempted by
following our previously reported non-template strategy,'” but
using a larger molar ratio of the total ammonium (OABr plus
MABr) and PbBr, salts (specifically, 4 : 1) and varying the rela-
tive molar ratio between the ammonium salts (from 0.8 : 3.2 to
2.4 : 1.6). The amount of oleic acid (OLA) was maintained (3 : 1
OLA/PbBr, molar ratio), while the ODE/PbBr, molar ratio was
fixed at 62.6 : 1.0. A control sample (P.) lacking OABr was also
prepared using the same reaction conditions and quantities of
all the other compounds. As expected, the solid P. obtained
after precipitation/centrifugation from the control experiment

This journal is © The Royal Society of Chemistry 2015
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was minimally dispersible in toluene, and it exhibited an
emission maximum at A, = 538 nm, .e., at a wavelength close
to that of the bulk MAPbBr; perovskite. In contrast, we obtained
a more dispersible and emissive perovskite (Poa;) by adding
OABr and using an OA/MA/PbBr, molar ratio of 1.6 : 2.4 : 1. The
change of the OA/MA/PbBr, molar ratio to 2.4 : 1.6 : 1 led to a
colloid solution whose emission spectrum showed several
peaks, which evidenced the formation of a mixture of perov-
skites with different stoichiometry (spectrum not shown).

Fig. S1 in the ESIf shows the comparison between the
absorption and emission (Ax = 350 nm) spectra of the toluene
dispersion of P, sample and that of Poa4. The toluene dispersion
of Poaq exhibited a peak emission that was considerably blue-
shifted compared with that of P, (513 nm vs. 538 nm). In
addition, the emission spectrum of the film prepared from the
toluene dispersion of Poa, exhibited a red-shifted peak at Apax =
526 nm, a slightly broader peak (full width at half maximum,
fwhm, 36 nm vs. 31 nm), and a smaller emission quantum yield
(34% vs. 67%) than that of the toluene dispersion.

We then evaluated the role of OLA in the optical properties of
the nanoparticles. The preparation of the nanoparticles was
carried out under the same reaction conditions, using the OA/
MA/PbBr, molar ratio of 1.6:2.4:1 and maintaining the
amount of ODE, but in the absence of OLA (Table S1t). After
precipitation and centrifugation, the solid Ppa, was dispersed
in toluene.

Interestingly, Poa, showed an improvement in the optical
properties of both the colloidal perovskite solution and the film
prepared from it (Fig. 2). Thus, (i) the absorption spectrum of
the colloidal solution showed less scattering than that of the
nanoparticles prepared in the presence of OLA, (ii) the
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Fig. 2 (a) Absorption spectrum of Poaz in toluene solution and (b)
normalized emission (Aexe = 350 nm) spectra of Poaz in toluene
solution (@) and film (#); (c and d) HRTEM images of Poaz, scale bar 0.2
um (c) and 50 nm (d); inset: HRTEM image of Poaz, scale bar 5 nm.
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nanoparticles exhibited an enhanced emission (ca. 83% yield
for the colloid and 72% for the film), and (iii) the emission band
of the film was even narrower (fwhm of 30 nm vs. 32 nm for the
colloidal dispersion).

The role of ODE in the eventual optical performance of the
nanoparticles was also analysed by preparing the nanoparticles
under the same reaction conditions as for sample Poay (OA/MA/
PbBr, molar ratio of 1.6 : 2.4 : 1, oleic acid/PbBr, molar ratio of
3:1), but in the absence of ODE (Table S17). This sample (Poas3)
exhibited an emission quantum yield ca. 52% in toluene
dispersion and ca. 41% in the film (see spectra in Fig. S27).

The influence of the alkyl-chain length of the longer
ammonium salt on the emissive properties of the nano-
material was also analysed (Table S2f). The reaction was
carried out using ethylammonium bromide (EABr), hexy-
lammonium bromide (HABr), and octadecylammonium
bromide (ODABr) instead of OABr, and under all the same
conditions as those used for the preparation of Pgy,. A non-
dispersible perovskite was obtained in the case of EABr, while
ODABEr led to a perovskite with a lower-dimension framework
(spectra not shown). However, HABr led to a perovskite (Pyxa)
dispersible in toluene, which exhibited a narrow emission at
Amax 526 nm, i.e., 5 nm red-shifted compared to that of Poas
(Fig. S31). The PL quantum yield was lower than that of Poay
and Poa, (specifically, 58% for the colloidal dispersion and
38% for the film).

Regarding the size of the particles, high resolution trans-
mission electron microscopy (HRTEM) analyses of the emissive
samples showed that smaller nanoparticles were obtained in
the absence of OLA and ODE. Thus, Ppa, and Pga; consisted of
spherical nanoparticles with average sizes of 5.5 + 1.5 nm and
5.9 £ 1.8 nm, respectively (see Fig. 2 for Poa, and Fig. S2t for
Poasz), whereas Poy; comprised spherical nanoparticles with an
average size of 7.0 £ 1.5 nm. In all the cases, most of the
nanoparticles were embedded in an amorphous material
forming plaques, which were smaller in the case of Pga, (mostly
60 x 50 nm?).

The fast Fourier transform (FFT) patterns of Poa; and Poa»
nanoparticles showed that they possessed crystalline surfaces.
The lattice spacing in the HRTEM images and FFT patterns were
in agreement with the crystallographic parameters for the
CH;3NH;PbBr; bulk material. The interplanar spacings deter-
mined from the FFT patterns were 5.91, 4.11, 3.48 and 2.94 A,
which can be attributed to the 001, 011, 111 and 002 family
planes of the cubic phase structure of CH;NH;PbBr; with Pm3m
space group.

In addition, the X-ray powder diffraction (XRPD) analysis of
solid Ppa; and Ppa, confirmed the phase purity of the perov-
skites as well as the crystallinity of the samples (Fig. 3).

The XRPD pattern of the samples demonstrated that they
presented an excellent fit to a single-phase model correspond-
ing to the cubic phase of the hybrid organic-inorganic MAPbBr;
perovskite (@ = 5.9334 (5) A, space group = Pm3m).**' The
XRPD peaks of the samples were very broad. This is consistent
with the formation of MAPDbBr;, mostly as nanoparticles,
particularly in the case of Ppa,.
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Fig. 3 X-ray diffraction patterns of Poa; (@) and Poaz (b). The vertical
bars correspond to the peaks of CHsNHzPbBrs cubic phase.

The X-ray photoelectron microscopy (XPS) spectra of Poay
and Pp,, were analysed, using a C peak at 285.0 eV as reference.
Remarkably, in general, all the peaks of Pps, were slightly
shifted to a higher binding energy compared to those of Poaq
(see Fig. S4-S8+). In both the samples, the XPS spectrum of Pb 4f
showed two symmetric peaks attributed to Pb 4f;,, and Pb 4f;,
levels at binding energies (BE) of ca. 138.7 eV and 143.6,
respectively. The spin orbit split between the Pb 4f;, and Pb 4fs,
» levels was 4.9 eV, which agrees with the value reported in the
literature (4.8 eV).>> The very small peak at a lower binding
energy (ca. 136.8 eV) could be attributed to the presence of
metallic lead, and has also been detected in the XPS spectra of
CH3;NH;PbI;/TiO, system.>

The Br 3d XPS BE of the perovskite was at ca. 69.1 eV. The N
1s XPS spectra showed the presence of one peak at 402.6 eV,
corresponding to the -N- of the ammonium salts.>* In addition,
a very small peak at ca. 400.0 eV was also detected in the case of
Poas; this could be assigned to a small amount of free amines.>

The deconvolution of the C 1s XPS spectra presented two
peaks at ca. 285.7 and 285.0 eV. The peak at the lower energy
value can be attributed to C-C/C-H bond, as well as to the C=C
bond of OLA and ODE; the peak at 285.7 eV can be assigned to
the C-N" bond of the ammonium salts.?® The spectra showed
the larger contribution of the peak at a BE of ca. 285.7 eV for
Poas compared to Ppag; this is consistent with the results found
for the analysis of the composition of the nanoparticles by 'H-
NMR and TGA (see below).

Finally, in the case of Poaq, the O 1s XPS band at 532.9 eV was
accompanied by a small band at 528.8 eV, which was consistent
with the presence of small amounts of PbO.?” The formation of
PbO could be tentatively attributed to the presence of oleic acid
in the preparation of the nanoparticles.*

The quantification of lead and bromine by XPS led to a
73 : 28 molar ratio for Pg,s,, while the ratio was 68 : 32 for Pga;.
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3.2 Analysis of the composition of CH;NH;PbBr;
nanoparticle samples

The composition of Pos; and Poa,, obtained after their precip-
itation/centrifugation steps, as well as the composition of the
resulting supernatants, were studied using thermogravimetric
analysis (TGA) and "H-NMR. Solvent removal from the super-
natant, followed by the addition of ethyl ether, caused the
precipitation of a solid (Ss). In addition, the ether solution was
distilled, thus recovering ODE accompanied by OABr (plus OLA
in the case of the synthesis of Ppay).

The TGA of Poa; and Pgs, samples was compared with that of
the individual precursors (MABr, OABr, ODE, OLA, lead
bromide), as well as with that of methylamine and octylamine
(see TGA of all the precursors in Fig. $9-S117). The peak of the
first derivative indicates the point at which the greatest rate
change on the weight loss curve occurred. The TGA of Ppaq
(Fig. 4) showed that it lost ca. 16.0% of its weight before
reaching 200 °C, followed by a weight loss of ca. 24.0% before
reaching 360 °C (corresponding to at least two different
components), and then a weight loss of 56.6% before reaching
600 °C. The spectrum showed that 2.6% of the mass did not
decompose or sublimate at temperatures above 800 °C. The
remaining residue may consist of impurities present in the
material or decomposition products. The peaks of the first
derivative were at 178, 345, and 580 °C.

The trend in the Pgs, sample (Fig. 4) was considerably
similar; however, the temperature of the first derivative peaks
shifted to higher values (183, 358, and 616 °C), suggesting a
higher stability of the components that were used to build the
nanoparticles in the absence of oleic acid. Sample Py, lost
17.63% weight before reaching 210 °C, followed by a weight loss
of ca. 24.15% before reaching 380 °C (corresponding to at least
two different components), and then a weight loss of 58.05%
before reaching 650 °C. In addition, the sample completely
sublimated at temperatures below 700 °C.

The first loss of weight in sample Po,; and sample Py, could
be attributed to the loss of octylamine; however, there was no
match between the temperatures of the first derivative peaks of
these peaks and those of the amines (Fig. S11t). In addition,
MABr and OABr ammonium salts underwent weight loss at a
temperature above 200 °C, and 100% weight loss occurred in
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Fig. 4 TGA heating curves of Poa; (black) and Poaz (green) nano-

particles expressed as weight% as a function of applied temperature (a)

and the corresponding 1°* derivative (b).
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one step, suggesting the sublimation of these materials
(Fig. S91).*3* It has been previously suggested that the
ammonium salts, such as MABr, are incorporated in the crystal
lattice of the perovskite in the form of MA'/Br, and as a
consequence they can be released at a lower temperature than
that required for the ammonium salt.*” The second step of the
weight loss could be ascribed to the loss of ODE and the
remaining ammonium salts (plus OLA in the case of Pgay),
while the third step is consistent with the loss of lead bromide
from the perovskite. Interestingly, the sublimation temperature
of the lead bromide in Pg,, is closer to that of PbBr, than to that
of Poag.

In addition, the solids obtained after the precipitation/
centrifugation of Poas and Poa, (Ss; and Ss,, respectively) were
also studied by TGA. The spectra (Fig. S12 and S137) showed the
presence of ca. 13% lead bromide. This could be ascribed to the
incomplete precipitation of the nanoparticles during the
centrifugation step.

Further data on the composition of Ppay and Poa, samples
were extracted from their '"H-NMR spectra, which provided
information on the molar ratio of the organic components,
combined with their TGA spectra, which provided information
on the PbBr, weight percentage in the isolated mass. Fig. S14-
$171 show the "H-NMR spectra of the pure precursors used in
the quantification.

The '"H-NMR spectra of the supernatants were also ana-
lysed (spectra not included); the data obtained from these,
combined with those of the corresponding samples (Poa; and
Poa» spectra in Fig. S141 and 5, respectively; spectra of the
precursors are included in Fig. S15-S187), were consistent
with the amount of material used in the preparation of the
nanoparticles. The molar composition of Pos; and Ppa, as
well as the yield of isolated perovskite are shown in Tables S3
and S4.7 These data indicated that the perovskite nano-
particles capped by the ammonium salts and ODE, which was
incorporated into the organic capping via chain interdigita-
tion between the alkyl chains, cooperated in their stability/
dispersability.
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Fig. 5 'H-NMR spectrum of Poas in deuterated DMSO; the signals of
MABr, OABr, and ODE used for the quantification are marked in green,
cyan, and yellow, respectively.
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It has been suggested that iodopentafluorobenzene passiv-
ates the excess of iodide ions on the surface of mixed halide (I,
Cl) lead perovskites.** Therefore, we propose that the ammo-
nium moiety of OA binds to the under-coordinated bromide
ions of the perovskite nanoparticles.

In addition, ODE may bind to under-coordinated lead ions
on the perovskite crystal surface via its double bond, thus
passivating these defect sites and decreasing the rate of non-
radiative recombination in the perovskite. It has recently been
reported that weak Lewis bases can play a relevant role in the
emissive properties of perovskites. Moreover, Snaith et al.
recently suggested that thiophene and pyridine can bind to the
under-coordinated Pb atoms of mixed halide (Cl, I) lead
perovskite films, thus enhancing their photoluminescence and
solar cell performance (up to 16.5%).****

3.3 Time resolved photoluminescence analysis

Time-resolved photoluminescence spectroscopy was used to
study the recombination lifetimes of Poaq and Pos, perovskites
(in both the colloidal solution and the film). The PL decays were
registered at A, ca. 520 nm, under both nitrogen and air
atmosphere, and fitted with a triexponential function of time (¢),

10 =% (-1) 0
7 i
where 1; represents the decay time and «; represents the
amplitude of the component. The emission lifetimes and their
corresponding contributions to the total signal are shown in
Tables S5-S6.1 The average recombination lifetimes (z,,) were
estimated with the t; and o; values from the fitted curve data
according to eqn (2).

)

The 1,, values for Pos; and Py, showed a slight dependence
on the excitation wavelength (340, 405, 470 nm) and on the
presence of oxygen (Table 1). The toluene colloidal solutions of
Poa» exhibited a considerably longer t,, than Pgaq, reaching
values close to 600 ns in solution and ca. 410 ns in film. The
latter value is close to that recently reported for a MAPbBr;_,Cl,
film. The radiative rate constant (k) and non-radiative rate
constant (k) were estimated using eqn (3) and (4), where @y, is
the photoluminescence quantum yield.

Average lifetime (t,,), quantum yield (®p ), radiative (k,) and
non-radiative (k,,) constants; Ae = 340 nm.

Ppr. = kr‘cz\v (3)
1

Gt o) @

Tay =

These data revealed the remarkably low value of k,,, which
was not only of the same order of magnitude as k, but was even
five times lower, except for the Ppaq film. This evidenced the
considerable reduction of surface defects that otherwise would
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Table 1 Photoluminescence data of Poa; and Poaz®
Sample Tav (DS) Dy, k(s7Y) knr (7
Poaq (air) 415.09 0.673 1.61 x 10° 0.79 x 10°
Poar (N) 41117 0.673 1.64 x 10° 0.80 x 10°
Poay film 344.38 0.342 0.99 x 10° 1.91 x 10°
Poa> (2ir) 594.45 0.831 1.39 x 10° 0.29 x 10°
Pons (N) 552.56 0.802 1.45 x 10° 0.36 x 10°
Poas film 412.09 0.723 1.75 x 10° 0.67 x 10°

¢ Excitation at 340 nm.
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Fig. 6 (a) Photoluminescence of Poaz dispersed in toluene as a
function of irradiation time; Aexc = 350, PL registered at 520 nm under
air atmosphere. (b) Photoluminescence spectra before and after 541
minutes of irradiation.

trap excited electrons and decrease the emissive properties of
the perovskites.

3.4 Stability and photostability of Po,; and Py, samples

Poa, stored as a solid in the dark and under air atmosphere
preserved its emissive properties for more than five months,
whereas Pp; was considerably less stable.

The photostability of Poa; and Poa, colloidal solutions under
light irradiation in the presence and in the absence of air was
studied under two different light sources: fluorimeter lamps (Aex
at 350 nm) and visible lamps (8 lamps, 400-700 nm, maximum
centred at 420 nm). The UV irradiation of Po,, under air
atmosphere led to a loss of 7% emission intensity in the first 30
min and an additional loss of 10% after the following 481 min
(Fig. 6). Moreover, Po,; presented high photostability, with a
decrease of luminescence of <10% after 183 min of excitation at
350 nm (figure not shown). Finally, the photoluminescence of
Poa, decreased by only 6% after visible-light irradiation for 75
min under air atmosphere (Fig. S197).

Conclusions

We have demonstrated here that highly luminescent and pho-
tostable CH;NH;PbBr; nanoparticles can be prepared by
following the strategies described for the synthesis of other
materials confined in the three dimensions (i.e., zero-dimen-
sion materials). The completion of the coordination sphere of
the ions at the nanoparticle surface may be the origin for the
low non-radiative recombination rate constant of these

This journal is © The Royal Society of Chemistry 2015
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nanoparticles. The ammonium cation may bind to the under-
coordinated bromide anions, whereas a weak Lewis base, such
as 1-octadecene, may bind to the under-coordinated Pb cations.
The fine-tuning of the molar ratios of all the components
eventually results in the formation of nanoparticles with a high
photoluminescence recombination lifetime (>420 ns) and
photostability under UV light (<18% emission loss after 8.5 h).
This perovskite preserves its emissive properties in the solid
state, which makes it promising for use in light emitting devices
and photovoltaic applications.
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Figure S1: Absorption spectra of Pc (a) and Poa; (b) in toluene. Emission spectra of Pc
(c) and Poa; in toluene (light green) (d); and Poa; film (dark green) (d). Emission
recorded at A¢x.= 350 nm. (d) HRTEM images (scale bar 20 nm) of Pc (e) and Poas (f).
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Table S1: Synthesis of Pos perovskites in the presence and in the absence of ODE
and OLA

\ OABr | MABr | PbBr, | ODE oLa | Emission

ame properties oF
(mmol) | (mmol) | (mmol) | (mmol) | (mmol) (A, nm)

Poa1 0.16 0.24 0.1 6.26 0.3 513 0.67

Poa2z 0.16 0.24 0.1 6.26 - 526 0.83

Poas 0.16 0.24 0.1 - 0.3 525 0.52

Table S2: Study of the influence of the alkyl-chain length of the longer ammonium salt
on the emissive properties of the perovskites in the absence of OLA

. Ammonium Emission
Name | AMTEoRIUT salt (mﬂ) (Eqbn?c:f) (rSnEEI) maximum | g
(mmol) (A, nm)
Pea EABr 0.16 0.24 0.1 6.26 a -
Pia HABr 0.16 0.24 0.1 6.26 526 0.58

a An orange solid not dispersible in toluene was obtained.
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1 H-NMR of the precursors

Methylammonium bromide
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Figure S15. "H NMR (300 MHz) spectrum of methylammonium bromide in deuterated
DMSO.

H NMR (300 MHz, d-DMSO) 5 7.69 (s, 3H), 2.34 (s, 3H).
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Octylammonium bromide
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Figure S16. "H NMR (300 MHz) spectrum of octylammonium bromide in deuterated
DMSO.

H NMR (300 MHz, d-DMS0) & 7.63 (s, 3H), 2.75 (t, J = 7.5 Hz, 2H), 1.59 — 1.41 (m, 2H), 1.27
(s, 10H), 0.85 (t, J = 7.0 Hz, 3H).
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Oleic acid
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Figure S17. '"H NMR (300 MHz) spectrum of oleic acid in deuterated DMSO.

H NMR (300 MHz, d-DMSO) & 11.95 (s, 1H), 5.41 — 5.20 (m, 2H), 2.16 (t, J = 7.4 Hz, 2H), 2.06
—1.86 (m, 4H), 1.55 — 1.38 (m, 2H), 1.23 (d, J = 2.3 Hz, 19H), 0.91 — 0.74 (m, 3H).
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Figure S18. "H NMR (300 MHz) spectrum of 1-octadecene in deuterated DMSO.

'H NMR (300 MHz, CDCl5) 6 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.12 - 4.76 (m, 2H), 2.12 - 1.92 (m, 2H),
1.60-0.97 (m, 27H), 0.89 (t, / = 6.6 Hz, 3H).
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Table S3. Quantification of the component molar ratio in Poa; by using TGA and 'H-

RMN data
POAl
Reagents Reagents Component Component/PbBr,*

mmol mmol Molar ratio
OABr

0.24 0.031 0.5
MABr 0.16 0.122 1.39
ODE 6.17 0.015 017
OLA 0.29 0.003 0.03
PbBr, 0.10 0.088 1.00

*Moles of PbBr, calculated by TGA.

Table S4. Quantification of the component molar ratio in Poa, by using TGA and 'H-

RMN data
F)OAZ
Reagents Reagents Component Component/PbBry*

mmol mmol Molar ratio
OABr

0.24 0.011 011
MABr 0.16 0.131 1.37
ODE 6.17 0.025 0.26
PbBI 0.10 0.088 1.00

*Moles of PbBr, calculated by TGA.
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Table S5. Decay photoluminescence lifetimes (t) of toluene solutions of Poa; at
different excitation wavelengths (Aexc)

Tav T (A1 %) T2 (A2 %) T3 (A3 %)
Aex
exe (ns) (ns) (ns) (ns)
340 nm 411.17 18.68 (54.62) | 123.53(34.52) | 643.80 (10.86)
405 nm 415.92 13.22 (61.36) 115.20 (30.20) 661.60 (8.45)
470 nm 403.78 18.36 (61.11) 132.29 (29.87)

657.56 (9.02)

Table S6. Decay photoluminescence lifetimes (t)

different excitation wavelengths (Aexc)

of toluene solutions of Pga, at

Tav T (AL %) T2 (A2 %) T3 (A3 %)
A
e (ns) (ns) (ns) (ns)
340 nm 594.45 19.65 (57.99) 148.88 (32.31) 910.85 (9.71)
405 nm 611.43 15.08 (58.27) 138.03 (32.20) 913.33 (9.53)
470 nm 621.80 2010 (55.93) | 149.14 (33.55)

931.83 (10.53)
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Figure S19. Left: Room-temperature photoluminescence of P, in toluene (Aem= 521

nm) as a function of the illumination time. Right: fluorescence spectra of the sample
(Aexc= 350 nm; Ae= 521 nm) before and after 75 minutes irradiation.
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The preparation of a blue-luminescent and photostable organic—inorganic hybrid perovskite with an X-ray
powder diffraction spectrum consistent with a two-dimensional inorganic framework is reported. This
perovskite can be produced with a high reaction yield and valuable optical properties, such as
luminescence quantum vyield over 20%, radiative rate constant of up to 80 x 10° s7%, and high
photostability under UV light. This material remains stable as a solid, is toluene-dispersible, and can be
reverted reversibly into its precursors by using dimethylformamide (DMF). Moreover, the DMF dispersion
can be injected into toluene to produce a nanomaterial or be used to prepare films by spin-coating on a
substrate; both, the nanomaterial and the film exhibit practically the same optical features as the initial
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1. Introduction

The processability of a material i.e., its ability to be worked and
shaped, is a relevant property for its application in devices. In
addition, there is great interest in the preparation of stable and
dispersible materials with high photoluminescence (PL)
quantum yield, narrow emission spectrum, and high
photostability.

Organometal halide perovskites combine the favourable
properties of the inorganic material, namely its structural
rigidity and stability, as well as electronic, optical, and transport
properties with the flexibility and low-temperature process-
ability of the organic material.' Organolead halide perovskites
with the general formula of APbX; (A = alkyl ammonium cation,
X = halide anion)** present a three-dimensional (3D) inorganic
framework consisting of corner-sharing PbX, octahedra, and
small-sized organic cations in the voids between the octahedra.
In these perovskites, the organic cation should be of a relatively
small size to fit into the octahedra. If the cation is too large, the
3D perovskite structure becomes unsuitable, consequently the
dimension of the inorganic framework is reduced and,
concomitantly, the exciton band of the perovskite shifts to
higher energies."* Stable excitons with large binding energy are

Instituto de Ciencia Molecular (ICMol), Universidad de Valencia, Catedrdtico José
Beltran 2, 46980, Paterna, Valencia, Spain. E-mail: Raquel.galian@uv.es; julia.
perez@uv.es; Fax: +34 963543273; Tel: +34 963544307

+ Electronic supplementary information (ESI) available: Additional absorption,
emission, TGA, XPS, NMR spectra of perovskite and precursors, as well as tables
with  photophysical and nanoparticle composition data. See DOI:
10.1039/c5ta01765¢

This journal is © The Royal Society of Chemistry 2015

formed even at room-temperature due to the low dimensionality
of the inorganic framework and the dielectric confinement
(dielectric constant mismatch between the inorganic and
organic constituents: 2.4 vs. 6.1 for the organic layer and the
metal halide layer, respectively).>*

Perovskites with a 2D inorganic framework are built from the
monolayers of corner-sharing PbXs octahedra sandwiched
between organic molecular layers." The radiative decay rate of
the excitons increases in low-dimensional frameworks. The
unique properties of confined excitons are of great interest for
optical devices.”

The most simple hybrid lead halide perovskites with a 2D-
layered framework present a general A,PbX, formula;*** they
have been widely studied (mostly as thin films) and exhibit low
photostability. In addition, it has been reported that those with
the formula (C,Hy,1NH3),PbX, (7 > 10; X = I and Br) tend to
show phase transitions (which are eventually reflected in optical
features) with temperature and other parameters.*>**

We report here the easy and efficient preparation of a highly
dispersible, blue-luminescent lead perovskite with octadecy-
lammonium bromide as the organic component (Popa,)-

This material exhibits considerable emission (quantum
yield, ®pr, over 20%) and its X-ray powder diffraction (PXRD)
spectrum was compatible with that of 2D-layered A,PbBr,
perovskites. Promising features of these Popa perovskites for
device applications are that it is easy to prepare them with a
high yield, they are stable in both colloidal solutions and in
solids, and they exhibit an extraordinary photostability.
Remarkably, they can be reverted back into their precursors by
using a polar solvent; then, the resulting dispersion can be used
to prepare films or to produce nanoparticles by injecting it into

J. Mater. Chem. A, 2015, 3, 14039-14045 | 14039
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Fig. 1 Picture showing the processability of the Popa perovskite and
its reversible assembling—disassembling.

toluene (Fig. 1). All these materials exhibit practically the same
absorption/emission spectra and similar XRD spectra.

2. Experimental section
2.1 Materials and methods

All chemicals were of analytical grade and used as received
without further purification. Toluene was of HPLC quality for
spectroscopic measurements.

UV-vis spectra were recorded at room temperature using
quartz cuvettes in an Agilent 8453E UV-visible spectrophotom-
eter. Fluorescence spectra were measured on an Amnico Brow-
man series 2 Luminescence spectrometer, equipped with a
lamp power supply working at room temperature. The AB2
software (v. 5.5) was used to register the data. All the data were
acquired using 1 cm x 1 cm path length quartz cuvettes. The
emission spectra of the perovskites dispersed in toluene were
measured under an air atmosphere (unless otherwise
indicated).

The photoluminescence spectra and quantum yields of the
films were measured with a Hamamatsu €9920-02 absolute PL
Quantum Yield Measurement System.

Lifetime measurements were performed using a Quantau-
rus-Tau C11367 Compact fluorescence lifetime spectrometer.
The average lifetime was calculated by fitting multiexponential
decay curves.

Structural and morphological characterisations were per-
formed using bright field transmission electron microscopy
(TEM) and high resolution TEM (HRTEM). A field emission gun
(FEG) TECNAI G2 F20 microscope, operating at 200 kV, was
used. TEM samples were prepared by depositing a few drops of
the perovskite solution on the carbon film supported on a
copper grid (200 mesh); the samples were subsequently dried
overnight.

The PXRD analysis was performed on a Bruker D8 Advance
A25 diffractometer using CuKo. (A = 1.54060 A) radiation at a
voltage of 40 kV and 30 mA, and a LynxEye detector.
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The '"H-NMR spectra were registered at room temperature
using a Bruker DPX300 spectrometer, with a 300 MHz Bruker
magnet. The chemical shifts () are reported in ppm using tet-
ramethylsilane (TMS) as a reference.

The thermogravimetric analysis was carried out using a
Mettler Toledo TGA/SDTA 85le system with an operative
temperature range of 25-1100 °C and 0.1 microgram sensitivity.

The photostability of the colloidal solutions was analysed
using 10 x 10 mm quartz cuvettes placed in the sample-holder
of a PTI- LPS-220B spectrometer equipped with a Xenon lamp
and the samples illuminated with UV-light Felix 32 analysis
software were used to register the data.

The XPS data were acquired with a Specs using a Phoibos
150-9MCD X-ray photoelectron spectrometer. The incident
radiation was 50 W. The C;, peak at 285 eV was set as a reference
for all XPS peak positions.

2.2 Synthesis of the perovskites

Hexyl- and octyl-ammonium bromide were synthesised by the
reaction of the corresponding amine in water/HBr, in accor-
dance with the previously reported procedure.* In the case of
octadecylammonium bromide, it was prepared by using a
similar methodology but the amine was previously dissolved in
acetonitrile at 60 °C and then HBr was added. In all cases, the
precipitate was washed several times with diethyl ether, dried
under vacuum, and used without further purification.

For the synthesis of Pyxa;, a solution of oleic acid (OLA,
0.30 mmol, 85 mg) in 1-octadecene (ODE, 6.26 mmol, 2.0 mL) was
stirred and heated at 80 °C and then hexylammonium bromide
(HXABr, 0.2 mmol, 36.42 mg) was added. Subsequently, lead(n)
bromide (0.10 mmol, 36.7 mg, dissolved in 200 puL of DMF) was
added. No colour change was observed after the addition of
lead(n) bromide. The addition of acetone (5 mL) induced the
precipitation of a white solid (Pgxa; ). The remaining material was
separated by centrifugation (7000 rpm, 10 min, 20 °C), washed
with acetone, and dried at room temperature. Samples Poca; and
Popa1 were prepared following the same procedure.

Samples Prixaz, Pocaz, and Poap, were prepared following the
same procedure as that for Pyys; but in the absence of OLA.
Samples Popa; and Popas were prepared following the same
procedure as that for Pops; but either in the absence of
1-octadecene (Pppas) or halving the amount of ODE and OLA
(Popaa)- For the synthesis of Popaznm, Popaz was added to DMF
(4 mg mL™") and then 100 pL of the DMF solution was injected
into toluene (4 mL).

Films were prepared by using quartz substrates cleaned
thoroughly by using detergent, de-mineralised water and iso-
propyl alcohol, followed by a 20 min UV-ozone treatment. A
solution of perovskite in toluene (3 mg/1 mL) was spin-coated
on top of the quartz substrate (1500 rpm for 60 s).

3. Results and discussion
3.1 Synthesis of the perovskites

The preparation of the perovskites was carried out by following
our previously reported non-template strategy for the
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CH3;NH;PbBr; nanoparticles,'® but using a 2:1 molar ratio
between the ammonium salt (hexyl, octyl, or octadecyl-
ammonium bromide, HXABr, OCABr, and ODABT, respectively)
and PbBr,. The ODE/PbBr, molar ratio was fixed at 62.6 : 1.0. In
the assays in which oleic acid (OLA) was also added, the
OLA/PbBr, molar ratio was 3:1. The addition of acetone
induced the precipitation of the perovskites as a white solid.
The unreactive material was separated from the solid after
centrifugation (7000 rpm, 10 min, 20 °C), washed with acetone,
and dried at room temperature.

The perovskite with the longest ammonium alkyl chain,
Popai, Was particularly dispersible in toluene, exhibited a sharp
and intense exciton absorption peak at 389 nm, had a narrow
emission peak (full width at half maximum, FWHM, ~13 nm) at
Amax €@. 397 nm, and presented an emission quantum yield of
~21% (Fig. S11 and Table 1).

In addition, the emission spectrum of the film prepared
from the toluene dispersion of Pop,; exhibited a peak at Ay =
398 nm, an FWHM of ~21 nm, and a smaller emission quantum
yield than that of the toluene dispersion (~12% vs. 21%,
Table 1). The absorption and emission wavelength maxima of
these perovskites were similar to those for spin-coated films of
(C,H,,+1NH;3),PbBr, perovskites with long ammonium alkyl
chains, such as those with n = 12.*7**

By contrast, the other two perovskites (Puxa: and Pocai)
proved to be less dispersible, they exhibited a much broader
absorption peak, their absorption and emission peaks red-
shifted to ca. 400 nm and 410 nm, respectively, and they pre-
sented a wider emission band with a considerable tail extending
to a wavelength of up to ca. 600 nm, and their emission
quantum yield was unmeasurable (Fig. S1t). The wavelength of
the absorption and emission peaks of these perovskites
matched those reported for their spin-coated films.'” Moreover,
(cyclohexylmethylammonium),PbBr,  based  nanoparticles
exhibit emission peaks at 411 nm, only slightly shifted with
respect to the spin-coated films."

To evaluate the effect of OLA on the optical properties of
these perovskites, they were prepared under the same reaction
conditions, but without OLA. After precipitation and

Table 1 Absorption and emission data of the perovskites
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centrifugation the solids (samples Pyxaz, Pocaz, and Popa,) were
dispersed in toluene. Interestingly, there was a slight improve-
ment in the optical properties of the colloidal perovskites, in
particular, the quantum yields of Pyxa, and Poca, were
measurable (see Fig. 2 and Table 1).

Additionally, the preparation of Pop, perovskites was carried
out under the same conditions as those of Popa; but (i) in the
absence of ODE (sample Popas), and (ii) halving the amount of
ODE and OLA (sample Popa4). Both samples proved to be less
emissive than Popa, (ca. 11% and 14% vs. 21%), thus showing
the importance of ODE for the emissive properties of the Popy
perovskites (spectrum not shown).

3.2 Time-resolved photoluminescence studies

Time-resolved photoluminescence (PL) spectroscopy was used
to study the recombination lifetime of the perovskites. The
toluene samples were excited at 337 nm and the PL decays were
registered at the A, maximum, under both nitrogen and air
atmospheres, and they were fitted with a biexponential function
of time (),

04

a
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=
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=
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T

=
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Fig. 2 Absorption and emission (Aexc = 330 nm) of colloidal solutions
(0.2 mg mL™) of Popas (@ and b), Pocas (c and d) and Pyxas (e and f) in
toluene.

OA nm PL* (nm) FWHM (nm) 7, (ns) ¢ (%) ke (10°s7Y) knr (10557)
Popai/air 389 397 13 3.154 22.9 72.61 2.44
Popai/N» 389 397 14 3.120 20.1 64.42 2.56
Film” 389 398 21 1.810° 11.9 65.49 7.77
Popaz/air 390 397 11 2.773 19.8 71.40 2.88
Popaz/N, 390 397 16 2.650 21.4 80.75 2.97
Film® 389 398 19 2.180° 5.8 26.58 4.32
Popaznm 390 396 10 1.642° 7.0 42.68 5.67
Film” 390 403 22 2.217° 6.3 28.51 4.24
Prixao/air 398 408 28 2.618 0.5 1.91 3.80
Prixaz/N, 398 408 26 2.413 0.5 2.07 4.12
Pocas/air 396 409 24 2.615 0.5 1.91 3.80
Poca2/N, 396 409 26 2.670 0.7 2.62 3.72

¢ Wavelength of the maximum emission (Ze, at 340 nm). ? Film prepared by spin-coating of toluene dispersion of the perovskite on quartz. © Average

lifetime (,y).
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t
0= Yu(-1) o
where 1; is the decay time and «; represents the amplitudes of
the components. The emission lifetimes and their corre-
sponding contributions to the total signal are shown in Table
S1.7 In the case of the films, their average recombination life-
times (1,,) were estimated with the 7; and «; values from the
fitted curve data according to eqn (2).

S
(to) = &= (2)
S

However, in the colloidal systems there was a main contri-
bution (>97%) and therefore the decay lifetime (t;) of this
contribution was used for the subsequent estimation of the
kinetic rate constants for the perovskites.

The 7, for the perovskites was quite similar (between 1.8 and
3.1 ns) and showed a negligible dependence on the presence of
oxygen (Table 1). The large difference between the emission
quantum yields of Pops and the other perovskites with a shorter
alkyl chain suggested drastic differences between their radiative
decay rates. The radiative rate constant (k;) and the non-radia-
tive rate constant (k,,) were estimated by using eqn (3) and (4);
where ®py, is the photoluminescence quantum yield.

Dp = k; X 1) 3)
1

e+ Fon) (4)

T =

These data revealed the remarkably (up to forty times) faster
radiative decay for Popa perovskites, while the variation of the
knr value was relatively small among the perovskites. Therefore,
the emission efficiency of the perovskites appeared to be gov-
erned by the excitonic properties of the perovskite inorganic
framework and not by the concentration of surface defects.

In this respect, drastic effects on the optical properties of
2D-layered A,PbBr, perovskite single crystals (A = butyl, phe-
nylmethyl, and 2-phenylethyl-ammonium) have previously been
reported and they were attributed to variations in the network
arrangement and structural distortion caused by the different
alkylammonium salts.>® Also in this case the relative quantum
efficiencies matched the relative radiative decay.

3.3 Analysis of the composition of the perovskite samples

The optical features of Pop, perovskites were considerably
different from those of Poca and Pyxa perovskites. It has been
reported that (methylbenzylammonium),PbBr, crystallizes in
two different phases with absorption excitonic peaks at 404 and
386 nm and emission peaks at 409 and 394 nm, respectively.*
Moreover, the exciton absorption and PL peaks of
(dodecylammonium),Pbl, thin films and single crystals
changed when heated on account of the presence of two
structural orthorhombic and monoclinic (metastable) phases;
the emission peak of the stable phase appears at a shorter
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wavelength.”” Therefore, the differences between Pops perov-
skites and Poca and Pyxa could be related to different structural
phases.

TGA analysis of the Puxai, Pocat; Pobaty Prxazs Pocaz, and
Popaz perovskites obtained after the precipitation and purifi-
cation step can give valuable information on the composition of
these perovskites. The TGA heating curves of the perovskites
was registered (see Fig. 3, S2 and S371). The peak of the first
derivative indicates the point of greatest rate of change on the
weight loss curve.

The TGA of Popa, shows that it lost ca. 41% of its weight
before reaching ~250 °C, followed by another weight loss of ca.
35% before reaching ~400 °C, and then a weight loss of 20%
before reaching 580 °C. Only 5% of the mass did not decompose
or sublimate at temperatures of up to 800 °C; this residue may
be made up of impurities present in the material or decompo-
sition products. The peaks of the first derivative were at 200,
353, and 560 °C. The TGA of Popa, showed sharper peaks
slightly shifted to higher values than those of Popa, (Fig. S371),
suggesting a higher stability of the components that build the
perovskite in the absence of oleic acid.

The first loss of weight in sample Popa; and sample Popas
could be attributed to the loss of the organic capping of the
nanoparticles. The second step of the weight loss could be
ascribed to the loss of the ODABr in the perovskite framework,
while the third step is consistent with the loss of the perovskite
lead bromide.

The weight percentage of the three sublimation steps in the
TGA of Puxa and Poca perovskites was consistent with the
molecular weight of the corresponding alkyl ammonium salt
(Fig. 3 compares the TGA of Popa, and Pocas)-

TGA and "H-NMR analysis of the Pyxa1, Poca1, Pobats Prxazs
Pocas, and Popa, perovskites obtained after the precipitation
and purification steps, combined with those of the resulting
supernatants, confirmed that these perovskites were obtained
with a chemical yield higher than 44% (Fig. S2-S10 and Table
S2-54; the detailed analysis is included in the ESI). In addition,
these data indicated that the perovskite nanoparticles were
capped by the ammonium salt and ODE.

The X-ray photoelectron microscopy (XPS) spectra of Pyxas,
Pocas, and Popa, were analysed using the C peak at 285.0 eV as
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Fig. 3 TGA heating curves of Popaz (black) and Pocaz (red) expressed
as weight% as a function of temperature (—) and the corresponding 1%
derivatives (---).
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the reference (Fig. S11-S15t). The O;5 spectrum showed a peak
centred at 532.4 eV. The deconvolution of the C;5 XPS spectra
was fitted to two peaks at ca. 285.7 and 285.0 eV, corresponding
to the C-C/C-H and C-N bonds, respectively.”® The differences
in the relative contribution of the peaks among the perovskites
were consistent with the ammonium salt/ODE molar ratio
estimated for them (see Tables S2-S47).

The Pby,¢ spectrum showed two symmetric peaks attributed
to Pb 4f,,, and Pb 4f;), levels at binding energies (BE) of ca.
138.7 eV and 143.5 eV, respectively. The spin-orbit split between
them was 4.9 eV, which agrees with the value reported in the
literature (4.8 eV).”* The N, spectrum showed the presence of a
peak at 402.0 eV relative to the -N- of the ammonium salts.**
Finally, the Brsg peak was observed at ca. 68.8 eV with the
FWHM of 2.31, 2.06, and 2.12 eV for Pyxas, Pocas and Popao,
respectively. The Popa, spectrum showed that the peak was at a
slightly higher energy (0.2 eV) than those of the other
perovskites.

3.4 TEM and PXRD analysis of the perovskite samples

High resolution transmission electron microscopy (HRTEM)
analyses of Pyxaz, Pocaz and Popa, samples showed that they
consisted of nanoparticles coexisting with material forming
plaques® (Fig. S16 and S17t). Therefore, we observe the
formation of some 0D materials.

X-ray powder diffraction was used to examine the phase
purity and crystallinity of Pyxas, Pocaz and Popas. Fig. 4 shows
the diffraction patterns of the three compounds, revealing
intense diffraction peaks that correspond to the (0 0 2/) reflec-
tions, which appear at lower 26 values as the alkyl chain
increases. Pawley refinements,”” performed by using the TOPAS
computer program,®® demonstrated that the three compounds
present an excellent fit to a single-phase model corresponding

View Article Online
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to the orthorhombic phases of the hybrid organic-inorganic (R-
NH;),PbBr, perovskite, where the unit cell dimension perpen-
dicular to the inorganic layer is largely influenced by the length
of the organic cation, as it has been previously observed
(Fig. S187t)."” The unit cells of the three compounds were refined
in the Phca space group, as observed in the analogous (R-
NH3;),Pbl, compounds, with lattice constants a = 8.19243, b =
8.22189, and ¢ = 37.73297 A for Prxaz; @ = 8.19642, b = 8.24638,
and ¢ = 42.34463 A for Pocaz; and a = 8.18840, b = 8.27068, and
¢ = 72.44761 A for Popps.

The use of organic cations of different lengths does not alter
the in-plane lattice parameters, a and b, which are approxi-
mately constant in the three compounds, their values related to
those of the tetragonal and cubic phases of the 3D perovskite
CHSNI_SSPbBr3 (aZD ~ ateotragonal; ap ~ \/2acubic; Qtetragonal =
8.322 A; dcupic = 5.901 A).*° On the contrary, the interlayer
spacing increases linearly with increasing the alkyl chain length
(n), following the relationship d (A) = 8.06 + 1.59 x n as previ-
ously reported.* Consequently, the differences between the
optical properties of Pop, and the other perovskites cannot be
attributed to different structural phases.

3.5 Processability of the Pop, perovskites

The Popa, solid was dispersed in toluene and then the solvent
was removed (Fig. 1, from 1 to 2). This process was repeated
three times to demonstrate that the colloidal solution preserved
its optical properties and the solid sample exhibited the same
XRPD spectrum as the initial sample.

We also checked the possibility to assemble-disassemble the
Popa perovskites reversibly (Fig. 1, from 1 to 3). It is worth
mentioning that while (alkyl ammonium),PbX, perovskite films
exhibit a sharp absorption peak, this peak does not exist in a
DMF solution,”** indicative of the reversion of the perovskite to
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Fig. 4 X-ray diffraction pattern of Puxaz (blue), Pocaz (green), and Popaz (black) powders and schematic representations of the A,PbBry

perovskite frameworks.

This journal is © The Royal Society of Chemistry 2015

J. Mater. Chem. A, 2015, 3, 14039-14045 | 14043

219



Published on 20 May 2015. Downloaded by Universitat de Valéncia on 9/7/2018 9:39:37 AM.

Journal of Materials Chemistry A

its precursors. Remarkably, we succeeded in rebuilding the
Popaz perovskite with the same optical features after dispersing
it in DMF followed by solvent evaporation.

In addition, the DMF dispersion was spin-coated on a
substrate (Fig. 1, from 3 to 5), thus leading to the Popa, film.

Moreover, the production of nanoparticles increased hugely
and the size of the plaques was smaller than 100 nm when the
DMF dispersion was injected into toluene (Fig. 1, from 3 to 4).
Fig. 5 shows a TEM image of the isolated material (see details in
the Experimental section). PXRD of this nanomaterial (Popaznm)
showed its crystallinity (Fig. S191) and Pawley refinement
indicates that it has the same orthorhombic phase as Popa, (@ =
8.17328, b = 8.28443, and ¢ = 72.57105 A)

Popaznm emitted in a similar wavelength (at 396 nm, Table 1)
to the other Popa, materials herein prepared (see absorption
and emission spectra in Fig. 6). This evidenced that excitons are
strongly localized in the inorganic framework and the optical
properties of these materials are dominated by the optical
properties of the crystal.

3.6 Stability and photostability of the perovskite samples

Relevant features of hybrid perovskites for their application in
devices should be not only with high stability and lumines-
cence, but also with significant photostability.

Popas stored as a solid in the dark and under an air atmo-
sphere preserved its emissive properties for more than six
months while Popa; became yellowish with time.

Fig. 5 HRTEM image of Popaznm: (@) scale bar 50 nm; (b) magnified
image of white box in (a), scale bar 20 nm.
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Fig. 6 Absorption (black) and emission (blue, Aexe = 330 nm) of
colloidal solutions of Popasnm (0.16 mg mL™%).
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Fig. 7 (a) Photoluminescence of Popa, dispersed in toluene as a
function of the irradiation time: Aexc = 330 nm, PL registered at 397 nm
under a nitrogen atmosphere. (b) Photoluminescence spectra before
and after 240 minutes of irradiation.

The photostability of the perovskite was evaluated by
measuring the evolution of its PL intensity as a function of
irradiation time. The colloidal solutions were illuminated using
fluorimeter lamps at A, at 330 nm in the presence and in the
absence of air.

UV irradiation of Popa, and P gps; under an air atmosphere
led to a loss of less than 7% after 200 min illumination (see
Fig. 7 for Popaz). In the case of Poca, the loss of emission was
also small (Fig. S207). By contrast Pyxa, showed a considerably
lower photostability and lost more than 30% of its emissive
efficiency (Fig. S207).

4. Conclusions

We have demonstrated here that highly dispersible perovskites
with a two-dimensional inorganic framework and (alkyl
ammonium),PbBr, formula can be efficiently prepared by using
a 2:1 alkyl ammonium bromide/PbBr, ratio. In addition, the
dual role of the alkyl ammonium salt is shown; it is not only a
component of the inorganic framework but also of its organic
capping. The length of the alkyl ammonium salt proved to be
crucial for the dispersibility and luminescence of the nano-
material. These materials proved to be easily processed. Thus,
(octadecylammonium),PbBr, (Popa) perovskites remain stable
when solid, they are dispersible in toluene and can be spin-
coated on a substrate. Moreover, these perovskites can be dis-
assembled-assembled and they exhibit a high radiative rate
constant (up to 80 x 10° s~') and photostability under UV light.
These results are promising for the efficient preparation of
highly dispersible 2D-layered perovskites which are of interest
in light emitting devices.
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Table S1. Emission lifetimes (t) and their corresponding contributions (A) to the total signal of the
perovskites dispersed in toluene or as a spin-coated film.

X PL2 <Tpy>P T T2 A, A,
nm ns ns ns
Popai/air 1.19 397 9.345 3.154 30.155 96.975 3.025
Popai/N2 1.28 397 8.840 3.120 31.560 97.580 2.420
Film* 0.88 398 1.810 0.768 1.929 21.23 78.76
Popas/air 140 397 4.192 2.773 27.89 99.41 0.592
Popaz/N2 1.50 397 3.833 2.650 27.33 99.51 0.486
Film* 1.29 398 2.18 1.289 2.386 29.70 70.29
Puxaz/air 1.01 408 6.404 2.618 24.48 97.81 2.191
Puxa2/N, 1.21 408 6.413 2.413 22.15 97.31 2.695
Pocar/air 0.95 409 3.675 2.615 22.365 99.340 0.659
Pocar/N, 1.01 409 5.794 2.670 27.805 98.550 1.454

2 Wavelength of the maximum emission (excitation at 340 nm); ® t,, average lifetime; ¢ Film prepared by
spin-coating of toluene dispersion of the perovskite on quartz.
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Quantification of dispersable A,PbBr, perovskites
TGA and lH-I\IMR analysis of the PHXA], POCAI, PODA]> PHXAZ; POCAZ; and PODAZ perovskites
after purification and their supernatants (Ss) give valuable information on the composition of

these perovskites.

The first loss of weight in the perovskite samples was attributed to the loss of the organic capping of the material,
i.e., ODE and ammonium salt (plus OLA in some samples) . The second step of the weight loss was ascribed to the
loss of the ammonium bromide in the perovskite framework, while the third step is consistent with the loss of the
perovskite lead bromide.

In the case of the supernatants, removal of the solvent followed by addition of ethyl ether
caused the precipitation of a solid (Ss). In addition, the ether solution was distilled, thus
recovering ODE with the ammonium salt (plus OLA in the case of the synthesis of Pyxai,
Pocar, and Popa;). For comparative purposes, the TGA of the individual precursors (namely
HXABr, OCABr, and ODABr ammmoniun salts) and the corresponding amines, as well as that
of ODE, OLA, and lead bromide, were also recorded and are included in TGA section.

Further data on the composition of Pyxa, Poca and Popys samples were obtained from their 'H-
NMR spectra, which gave information on the molar ratio of the organic components (RMN
section). In combination with their TGA spectra, the PbBr, weight percentage present in the
isolated mass was calculated. The 'H-NMR spectra of the supernatants were also analysed
(spectra not included); the data obtained from them combined with those of the corresponding
perovskite samples were consistent with the amount of material used in the preparation of the
perovskites.

The molar composition of Popai, Popaz, Puxaz, and Pocaz , as well as the yield of isolated
perovskite (estimation based on the mmol of PbBr, in the perovskite compared to the mmol

used in the reaction) are shown in Tables S2-S4.
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Thermogravimetric Analysis Section
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Figure S2. TGA heating curves of Pyxaq (-), Pocai (-) and Popa; (-) expressed as weight % as a function

of applied temperature (a) and the corresponding 1%t derivate (b).
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Octylammonium bromide
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Figure S8. 'H NMR (300 MHz) spectrum of octylammonium bromide (ODABTr) in deuterated
DMSO.

'H NMR (300 MHz, d-DMSO) (300 MHz, DMSO) & 7.65 (s, 3H), 2.76 (t, J = 7.7 Hz, 2H), 1.60
— 1.44 (m, 2H), 1.24 (s, 30H), 0.85 (t, J = 6.7 Hz, 3H).
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Oleic acid
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Figure S9. 'H NMR (300 MHz) spectrum of oleic acid (OLA) in deuterated DMSO.

'H NMR (300 MHz, d-DMSO) § 11.95 (s, 1H), 5.41 — 5.20 (m, 2H), 2.16 (t, J = 7.4 Hz, 2H),
2.06 — 1.86 (m, 4H), 1.55 — 1.38 (m, 2H), 1.23 (d, J = 2.3 Hz, 19H), 0.91 — 0.74 (m, 3H).
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Octadecene

7.26
8
8
8
8
8
8:
8
7
7
7
0
o:
9
9
9
9
o
9
9
9:
9
9
0
0
0
o:
9
5
4
3
3
2

0.01

0.89

0.87

|
|
v
|

T T T T T
3.5 3.0 25

' opm)
Figure S10. "H NMR (300 MHz) spectrum of ODE in deuterated CDCl;.

'H NMR (300 MHz, CDCl3) 8 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.12 — 4.76 (m, 2H), 2.12
~1.92 (m, 2H), 1.60 — 0.97 (m, 27H), 0.89 (t, J = 6.6 Hz, 3H).
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Table S2. Quantification of the component molar ratio in Popa;

Popai
Reagents Reagents * Component Component/PbBr,"
mmol mmol Molar ratio

ODABFr surfactant 0.20 0.081 175
ODABFr framework ) 0.077 1.86

ODE 6.09 0.004 0.09

OLA 0.26

PbBr, 0.10 0.044 1.00

2 Moles used in the synthesis. ® Moles of each component in the product calculated by
TGA and 'H-RMN; perovskite chemical yield of 44%.

Table S3. Quantification of the component molar ratio in Popax

Popaz
Reagents Reagents?® Component P Component/PbBr,"
mmol mmol Molar ratio
ODABTr surfactant 0.10 0.053 1.77
ODABr framework ) 0.053 1.77
ODE 3.00 0.011 0.36
PbBr, 0.05 0.030 1.00

@ Moles used in the synthesis. ® Moles of each component in the product calculated by
TGA and 'H-RMN; perovskite chemical yield of 60%

Table S4. Quantification of the component molar ratio in Pocas

Pocaz
Reagents Reagents® Component ? Component/PbBr,"
mmol mmol Molar ratio
OCABFr surfactant 0.20 0.029 0.40
OCABTr framework ' 0.135 1.82
ODE 6.10 0.003 0.04
PbBr, 0.10 0.074 1.00

@ Moles used in the synthesis. ® Moles of each component in the product calculated by
TGA and 'H-RMN; perovskite chemical yield of 74% .
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X-Ray Photoelectron Spectroscopy Section
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Transmission electron microscopy Section

o

Figure S17. HRTEM of Pgpa, in toluene. Scale bar 0.2 um (a,b), 20 nm (c¢) and 5 nm (d).
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X-ray Diffraction Section
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Figure S18. Observed (blue) and calculated (red) profiles and difference plot [(Iobs — lcaica)] (grey) of
the X-ray powder diffraction Pawley refinement for Pyxaz (top), Pocaz (middle) and Pgpa, (bottom) (A =
Cu Ka, 20 range 2.0-40.0 °); tick marks indicate peak positions.
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the X-ray powder diffraction Pawley refinement after processing, Popaznp (A = Cu Ko, 20 range 2.0—
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Photostability Studies
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Figure S20. Photoluminescence of Pyxa» (m), Pocaz (V) and Popa» (#) dispersed in toluene as a function
of the irradiation time (A¢= 330 nm), PL registered at 411, 409, and 397 nm, respectively, under nitrogen

atmosphere.

21
242



MekS

www.MaterialsViews.com

small

I Hybrid Perovskites

The Luminescence of CH;NH,PbBr; Perovskite
Nanoparticles Crests the Summit and Their
Photostability under Wet Conditions is Enhanced

Soranyel Gonzalez-Carrero, Laura Francés-Soriano, Maria Gonzdlez-Béjar,
Said Agouram, Raquel E. Galian,* and Julia Pérez-Prieto*

Hybrid organic-inorganic lead halide perovskites are of great
interest in photovoltaic devices and as luminescent materials
for light-emitting devices.l'! Their photoluminescence (PL)
spectrum can be modified via controlled changes in their
stoichiometry.l’l There are many studies exploring the per-
formance of these perovskites, in particular those with the
MAPbLX; (MA = CH;NH;, X = halide) stoichiometry, which
address their optical gain, quantum yield, and their use as
components of optical devices, among other features.l’ How-
ever, there is a demand for enhancing their emissive proper-
ties for use in efficient luminescent devices. In addition, there
are concerns as to their stability and degradation, which
affect their performance.!! It has recently been reported
that the stability of MAPbI; perovskite solar cells can be
improved by crystal crosslinking with butylphosphonic acid
4-ammonium chloride.)

Recent studies on the dynamics of the PL of organolead
halide MAPDI; perovskite films under continuous optical
excitation and different atmospheres have suggested compe-
tition between photoactivation and photodarkening of their
emission.l®] Tt was demonstrated that in these perovskites,
an initial photoactivation step is followed by a photodark-
ening stage, which finally becomes the dominant process.
Activation of PL has been associated with trap state filling
by photogenerated carriers;! the presence of oxygen plays
a key role in this process. In addition, photodarkening has
been associated with the presence of water in the environ-
ment; interestingly, this process seems to be partially revers-
ible with negligible changes in the material absorption
spectrum.[%) It has been suggested that this moisture-related
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photodarkening is due to the formation of hydrated species,
favored by the photoexcited carriers, weakening the interac-
tion between the organic cation and the PbXy octahedra in
the framework, thus promoting the formation of complexes
with water molecules.!®!

Crystalline nm-sized MAPbX; nanoparticles have
recently been prepared and they yield colourful and stable
colloidal dispersions.[?! This makes it possible to prepare thin
homogeneous films of these nanoparticles by spin-coating on
a quartz substrate. MAPbBr; nanoparticles can be prepared
with an 88% chemical yield and high PL (83% quantum
yield) by fine-tuning the molar ratios of all the components,
which either form part of the framework (MABr and PbBr,)
or act as the organic capping (octylammonium bromide and
1-octadecene, ODE).[®"! The method consists of the induced
precipitation of the nanoparticles from the dimethylforma-
mide (DMF)/ODE mixture of all the components by using
acetone.

Another interesting strategy to prepare MAPbBr; per-
ovskite nanomaterial with high PL (70% quantum yield)
is that of the ligand-assisted reprecipitation (LARP) tech-
nique reported by Zhong and co-workers.|! This technique
consists in the dropwise addition of a DMF solution of the
capping ligands (octylamine and oleic acid) and the perovs-
kite precursors (MABr and PbBr,) into toluene, followed by
the discharge of large particles via centrifugation. Rogach
and co-workers® have recently reported the preparation of
MAPbBTr; nanoparticles with a remarkable PL quantum yield
(93%) by slight modifications of this strategy. In particular,
the DMF solution was added to toluene at 60 °C. They stated
that the synthetic yield of MAPbBr; nanoparticles by the
LARP method is limited due to the formation of bulk mate-
rial by-products together with the desired nanoparticles.

Encouraged by these results, our aim was to reach
the maximum in the emissive efficiency of MAPbBr;
nanoparticles, while preparing them with a high chemical
yield. We envisaged that by injecting a DMF solution con-
taining the proper organic capping, as well as the proper
molar ratio between all the components (organic ligand,
MABTr and PbBr,), into toluene would produce bright yellow
perovskite dispersions.

We report here that MAPbBr; perovskite nanoparticles
with a PL quantum yield of =100% can be efficiently pre-
pared (chemical yield of 76%) by using the quasi-spherical

www.small-journal.com
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Figure 1. a) Molecular structure of cucurbit[7]uril (CB) and 2-adamantylammonium (AD) ligands used in the preparation of the perovskite

nanoparticles. b) Absorption (in black) and emission (in green) spectra o

f Pap; inset: image of a toluene dispersion of Py, under lab light (left)

and UV-light (right). ¢) Kinetic photoluminescence trace (A, = 340 nm, A, = 520 nm) of P,y in aerated toluene. d,e) Emission spectra (d) and

kinetic traces (e) of (i) P, precipitate (P,) obtained after centrifugation of t

he initial dispersion at 3000 rpm for 5 min, (i) the precipitate obtained

after centrifugation of supernatant at 9000 rpm for 10 min (P,), and (iii) the final supernatant (Sp,). f) Time-resolved PL spectra of P, in aerated

toluene registered at the maximum of the kinetic PL decay trace (0 ns, in
the PL steady state spectrum.

shaped 2-adamantylammonium bromide (ADBr) as the
only capping ligand (Figure 1) by fine-tuning the molar ratio
between all the components. The photodarkening of these
nanoparticles (Pyp) under prolonged irradiation, attributed
to moisture, can be avoided by the formation of cucurbit[7]-
uril-adamantyl ammonium host-guest complexes (AD@CB)
on the nanocrystal surface (Pyp.cp)-

First, the preparation of MAPbBr; perovskite nano-
particles was addressed using a 1:1, 2:1, and 4:1 molar ratio
between the ammonium salts (MABr/ADBr molar ratio of
6:4) and PbBr,. Briefly, a DMF solution of MABr, ADBr, and
PbBr, was injected dropwise into toluene while stirring, and
the dispersion was further stirred for 1 h (see the Experi-
mental Section for further details). This yielded green lumi-
nescent dispersions which, after centrifugation (7000 rpm)

Table 1. Photoluminescence data of Py, and Pap .

green; 100 ns later, in orange); the black line in this figure represents

for 4 min, produced a precipitate, which was separated and
eventually dispersed in toluene. The nanoparticles obtained
by using the 2:1 molar ratio between the ammonium salts
and PbBr, were the most luminescent (up to ten times more
emissive than 1:1) (Figure S1, Supporting Information) and,
therefore, only these nanoparticles were fully characterized.
Figure 1b shows the absorption spectrum of P, and
its narrow emission (full width at half maximum, FWHM,
of 22 nm) with the maximum at 520 nm, i.e., considerably
blue-shifted when compared to that of the bulk material
(at =540 nm). Remarkably, the emission quantum yield of P,
under air was of =100%, Table 1. This yield was determined
by using a monochromatic light source (150 W) and an inte-
grating sphere and it was corroborated by using two different
standard dyes (see details in the Supporting Information). To

P A [nm] FWHM® [nm] D9 7,9 [ns] 1,9 [ns] 1,9 [ns]

Pyp Air 520 22 0.99 19.9 (76) 185.2 (20) 1082.0 (4)
Pao N, 520 24 0.99 23.1(73) 205.0 (21.5) 1161.4 (5.5)
Pap.cs Air 519 24 0.89 23.3(73.5) 201.5 (21.5) 1142.4 (5)
Procs Ny 519 25 0.82 23.5 (74) 203.7 21) 1233.7 (5)

Dhere 340 nm; YFWHM; 9PL quantum yield; 9 Contribution of the component to the total PL in brackets.
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Figure 2. Representative AFM image of P, showing the presence of aggregates a) 2D view, b) 3D view and c) “height” profile of the aggregates

and a nanoparticle identified in (a), see horizontal lines.

date, there is no example in the literature of MAPbX; per-
ovskites with such emissive efficiency. Moreover, the features
of the absorption and emission spectra of colloidal P,p, as
well as its emissive efficiency, did not undergo any change
after six months at room temperature, thus proving its high
chemical stability.

The PL decay of P,y, registered at A, = 520 nm under
both nitrogen and air atmosphere (Figure 1c) was triexpo-
nential; the emission lifetimes (t;) are shown in Table 1. These
data revealed the presence of the typical component with T of
=20 ns, which can be attributed to the charge carrier recombi-
nation of the conduction band electron and the valence band
hole, together with two components with an extraordinarily
long 1 (contributing about 20% and 5%, respectively, to the
total PL). The presence of long-lived PL components in col-
loidal MAPbBr; spherical nanoparticles is unexpected.!*d]
Therefore, we varied the separation method of the perovskite
nanoparticles by performing multiple centrifugation/separa-
tion steps and analyzed the PL kinetics of the precipitates
(termed as P; and P,) and the final supernatant (termed as
Spy); see Figure 1d,e, and Table S1 of the Supporting Infor-
mation. In addition, we performed variations in the prepara-
tion protocol, specifically the precursors were injected into a
16-fold greater toluene volume and, after centrifugation, the
PL kinetics of the precipitate (P;) and the supernatant (Sps)
were analyzed; see experimental details and Figure S2 of the
Supporting Information. The absorption and emission spectra
of the different samples were similar to those shown in
Figure 1b, their luminescence quantum yield was higher than
90% and, though the lifetime of the longest-lived component
decreased, it was over 200 ns (Tables S1 and S2, Supporting
Information).

Though the absorption and emission features of P,p
perovskites are similar to those recently reported for
CH;NH;PbBr; quantum dots (QDs),['”) this is not indicative
of the actual shape of the nanocrystals. In fact, it has recently
been reported that different shaped CsPbBr; nanocrystals
(spherical QDs, nanocubes, and platelet-like nanoparticles)
exhibit the PL peak practically at the same wavelength.['!]
The average PL decay lifetime of these nanocrystals
varies from several tens of ns (QDs) to =1 ps (platelet-like
nanoparticles).

small 2016, 12, No. 38, 5245-5250
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The X-ray powder diffraction (XRPD) pattern of Pyp
fitted to a single-phase model corresponding to the cubic
phase of hybrid organic-inorganic CH;NH;PbBr; and
compared well with those reported in the literature for
CH;NH;PbBr; nanoparticles (Figure S3, Supporting Infor-
mation). The crystallite size calculated by the Scherrer
equation was 53 £ 5 nm. High resolution transmission elec-
tron microscopy (HRTEM) images showed nanoplate-
lets (around 44 x 35 nm?), but the perovskite material was
unstable under the e-beam (Figure S4, Supporting Informa-
tion); this behavior has already been reported for um-sized
CH;NH;PbBr; perovskites.'?l We were able to identify
the formation of spherical Pb nanoparticles at very short
times under the beam exposure (Figure S5, Supporting
Information).[3]

Atomic force microscopy (AFM) was then used to
gain more information about the size of P,y nanoparticles
using samples with different concentrations (from 0.04 to
2 mg mL™! of P, in toluene), which were deposited on a
silicon wafer and dried under vacuum. Figure 2 shows a rep-
resentative AFM image of the highest concentrated sample
indicating the presence of large aggregates of nanoparticles,
where the measurement of the height profile (=21 nm) of an
individual nanoplatelet was feasible; the lateral size of the
nanoplatelet was estimated as 60 nm following a method
reported in the literature.['*l The aggregates become smaller
with the sample dilution (Figure S6 of the Supporting Infor-
mation shows small aggregates visualized in the 50-fold
diluted sample). The size of the nanoparticles is in good
agreement with that visualized in the TEM images and esti-
mated from the XRPD data.

The recombination dynamics of photogenerated charges
of lead halide perovskites is still under debate.l™] A very
small Stokes shift between the absorption and emission
spectra and the presence of long-lived PL components are
features found in platelet-like CsPbBr; nanoparticles. Their
increased PL lifetime has been mainly attributed to exciton
radiative recombination in the large crystal.!'"]

The PL spectrum of P,, was registered at the top and at
a lower point of the kinetic trace (specifically 0 and 100 ns,
respectively, in Figure 1f). The slow decay component
exhibited a slightly red-shifted PL peak (at A, 520 nm)
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with respect to that of the fast decay component (band at
Amax 917 nm). An in-depth study of the long-lived emission
lifetimes of P, would be interesting, but it is outside the
scope of this manuscript.

The composition of Py, was determined by combining
thermogravimetric analysis (TGA) and proton nuclear
magnetic resonance (‘H-NMR) data. The TGA of P,p, was
compared with that of individual precursors (MABr, ADBr,
and lead bromide, Figure S7, Supporting Information) and it
showed a weight loss of =28% at 330 °C and then of 72%
before reaching 600 °C, corresponding to the organic and
inorganic components, respectively. The peaks of the first
derivative were at 324 and 570 °C.

The molar ratio of the organic components in P, was
quantified by reverting the perovskite back to its precur-
sors after dissolving it in deuterated dimethyl sulfoxide
and then analyzing the mixture by 'H-NMR spectroscopy
(see details in the Supporting Information and Figure S8).
These studies revealed that the perovskite nanomate-
rial was obtained in a high chemical yield (76%, Table S3,
Supporting Information).

The effect of the reaction temperature on the optical
properties of the adamantylammonium-capped perovskites
was also analyzed. The synthesis was carried out by injecting
dropwise the precursor solution into toluene at 80 °C. The
resulting colloidal perovskite nanoparticles (Pypg,) exhibited
a slightly red-shifted emission peak (at 524 nm) and a lower
PL quantum yield (89%) than P,y (Figure S9, Supporting
Information).

The photostability under air of P, was studied using
fluorimeter lamps (A.,, = 350 nm) as the light source. The
dynamics of the PL of P,p under continuous optical exci-
tation did not show a photoactivation stage, as expected
taking into account the perovskite quantum yield of =100%
(Figure 3c). Photodarkening under prolonged irradiation of
the perovskite in air atmosphere led to a loss of emission of
=25% after 180 min irradiation. Therefore, though the quasi-
spherical shaped ADBr allows the perovskite to reach the
maximum emission, it cannot totally stop the photodarkening
process under continuous irradiation.

0.25
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As mentioned above, moisture can be a problem for the
(photo)stability of the organolead halide perovskites. Taking
into account the good affinity between cucurbituril portals for
cations!'®l and the high binding affinity constant of CB with
2-adamantylammonium moiety (K = 1.00 + 0.3 x 10 m1);[17]
we envisaged that the preparation of the nanoparticles under
the same conditions as P, but in the presence of CB could
be beneficial for the photostability of the resulting nanopar-
ticles. The addition of a small amount of CB (12:1 ADBr/
CB molar ratio) to the a DMF solution containing the same
concentration of ADBr, MABT, and PbBr, as that used in the
synthesis of P,p,, gave rise to nanoparticles termed as Pnpy_cp,
which were also dispersible in toluene. The XRPD pattern of
Pop.cp also fitted to a single-phase model corresponding to
the cubic phase of MAPbBr; (Figure S3, Supporting Infor-
mation), and the crystallite size calculated by the Scherrer
equation was of 34 £ 3 nm (i.e., smaller than that estimated
for P,p). These nanoparticles showed the same behavior
as P, under the e-beam during the TEM characterisation
(Figure S10, Supporting Information).

The composition of P,p g nanoparticles was deter-
mined by combining TGA and 'H-NMR data. The TGA of
PAp.cp shows a weight loss of = 30% before reaching 325 °C,
followed by a 6% weight loss before reaching 470 °C,
and finally a weight loss of = 64% before reaching 600 °C
(Figure S7, Supporting Information). The peaks of the first
derivative are at 324, 414, and 566 °C. The first weight loss
could be attributed to the loss of MABr plus ADBr salt,
whereas the second loss could be attributed to CB. The sub-
limation of lead bromide occurs at a similar temperature to
that found in P,,. The molar ratio of the organic components
in Pyp.cg Was quantified by following the same strategy as in
P,p. i.e., by reverting the perovskite into its components and
analyzing the mixture by 'H-NMR spectroscopy; the ADBr/
CB molar ratio was 6.83 (see Figure S8 and Table S4, Sup-
porting Information).

The attachment of CB|[7] to the nanoparticle surface was
corroborated by attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR). Figure S11 of the Sup-
porting Information shows the comparison between the FTIR

—3 2 ' 30
[ [T Ta 5 b c
02 & 1 - 25
8 5 SEE——
§0.15 | S 2
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0
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Figure 3. a) Absorption (in black) and emission spectra (in blue) of Py, in aerated toluene. b) Time-resolved PL spectra of Py, g registered
at the maximum of the kinetic PL decay trace (0 ns, in blue; 100 ns later, in orange); the black line represents the PL steady-state spectrum. c)
Photoluminescence of Py, (green) and Pyp.cp (blue) dispersed in aerated toluene as a function of irradiation time; (A, = 340 nm, A, = 520 nm).
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Figure 4. a) Photoluminescence of Py (in black) and Py (in green)
dispersed in toluene and in contact with water as a function of the
irradiation time; A = 350 nm, PL registered at 520 nm under air
atmosphere; b,c) Images are of P,y and Py, colloidal dispersions
immediately after addition (left) of water and 120 min afterward (right).

spectra of CB, AD@CB, P,,, and P,p . The strong band
assigned to CB v, (C=0) stretching vibration was at higher
values in Py ¢ (1734 cm™) than in CB and AD@CB (1710
and 1716 cm™). These differences corroborate the interaction
of the CB with the nanoparticle surface through the carbonyl
groups and the C=0 stretching at higher values suggests a
further deviation from the planarity of the C=0O bond com-
pared with the N-C-N plane when the CB anchored to the
nanoparticle surface.!S!

Pap.cg exhibited a high PL (quantum yield of 89.0%)
with the maximum at 519 nm, i.e.,, 1 nm blue-shifted com-
pared to that of Py, (Table 1). The Pyp.cg PL decay trace
was registered at 519 nm; the PL decay also fitted to a triex-
ponential function of time (the corresponding contributions
to the total signal are shown in Table 1). The PL spectrum of
PAp.cg Was also registered at the same points as previously
described for P,py (Figure 3b). In this case, the shift between
the spectra was even smaller than in the case of Pyy,

The dynamics of the PL of P, g under continuous UV-
excitation (Figure 3c) showed an initial photoactivation stage,
increasing the emission efficiency of the nanoparticle by
4% in the first 20 min but no further emission changes were
detected during the following 160 min. This amazing photo-
stability of the colloid is consistent with similar kinetics for
the photoactivation process (due to the presence of oxygen)
to that of the photodarkening process, i.e., CB reduces the
efficiency of the moisture effect. Moreover, 24 h irradiation
decreases the nanoparticle emission by only 13%.

To further compare the better performance of
Pop.cp to that of Py, under humid conditions, 0.5 mL of
water were injected at the bottom of each cuvette containing
1.5 mL of the corresponding toluene colloid and the evolu-
tion of the PL of the perovskite under continuous irradiation
(Aexe = 350 nm) was followed under air atmosphere. Figure 4
demonstrates the strikingly higher photostability of Pyp_cp
toluene dispersions even under such drastic conditions (com-
bining direct contact with water and UV-photoirradiation).

In summary, we demonstrate that the luminescence of
CH;NH;PbBr; perovskite nanoparticles reaches its max-
imum by using ADBTr as the only capping ligand. These nano-
particles exhibit a luminescence quantum yield of =100%,
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thus showing that the nanoparticle surface is properly pas-
sivated. Nevertheless, these nanoparticles undergo a con-
siderable photodarkening under prolonged irradiation. The
capacity of the adamantyl moiety to form a supramolecular
system in the presence of CB produces nanoparticles with
an astonishing photostability, while maintaining a strong
luminescence. These properties make these materials very
promising for developing devices in which excellent PL and
photostability are required. Moreover, these nanoparticles
are obtained with a high chemical yield.

Experimental Section

Synthesis of P,, Nanoparticles: First, concentrated DMF
solutions of the components, 2-adamantylammoniun bromide
(0.043 m), methylammonium bromide (0.089 m), and lead bromide
(0.027 m) were prepared. Then, a precursor solution was prepared
by mixing 2-adamantylammoniun bromide (50 uL, 2.18 umol),
methylammonium bromide (37 pL, 3.24 pmol), and lead bro-
mide (100 pL, 2.7 pmol) in DMF (MABr: ADBr: PbBr, molar ratio
of 1.2:0.08:1) and stirred for 15 min. This precursor solution was
dropped into toluene (5 mL) and stirred for 1 h. A strong green
luminescent dispersion was immediately observed. Then, the dis-
persion was centrifuged at 7000 rpm (6300 g) by 4 min at 20 °C.
The solid obtained was dispersed in toluene (1 mL) and main-
tained as colloidal dispersion.

Synthesis of P,y.cg Nanoparticles: They were prepared fol-
lowing the same procedure than for Py, except that after stirring
the precursor solution (MABr: ADBr: PbBr, mixture) for 15 min, CB
(0.18 pmol, dissolved in DMF) was added, and then the mixture
was stirred during 30 min before it was dropped into toluene.

Characterization Methods: the UV-visible spectra of the
samples were recorded using a quartz cuvette in an UV-visible
spectrophotometer Secoman Uvi Ligth XT5. Steady-state fluores-
cence spectra were measured at room temperature on an Amnico
Browman series 2 Luminescence spectrometer. The PL quantum
yields of the colloidal perovskites were measured by using a Hama-
matsu C9920-02 absolute PL Quantum Yield Measurement System
with monochromatic light source (Xenon Lamp, 150 W) and inte-
grating sphere. Kinetic photoluminescence traces were measured
using a Compact fluorescence lifetime spectrometer C11367,
Quantaurus-Tau, with LED excitation wavelength of 340 nm. Time-
resolved PL spectra measurements were made with a Time Master
Fluorescence lifetime spectrometer TM-2/2003 from PTI; sample
excitation was afforded by PTI’s own GL-3300 nitrogen laser at
337 nm (Energy per pulse at 5 Hz of 1.45 m]).

HRTEM selected area electron diffraction was carried out by
using a field emission gun (FEG) TECNAI G2 F20 microscope oper-
ated at 200 kV.

The XRPD analyses were performed in a powder diffractom-
eter D8 Avance A25 model Bruker, with a powder diffractometer
6-6 configuration, X-ray tubes on a lineal receiver Cu radiation.

The composition of Pyy and Pyy g was determined by com-
bining TGA and *H-NMR data. The attachment of CB to the nanopar-
ticle surface was further corroborated by ATR-FTIR measurements.
Further details about experimental procedures and characteriza-
tion methods are given in the Supporting Information.
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Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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Figure S9. HRTEM images, absorption and emission spectra of Pap/go synthesized at 311
80°C.

Figure S10. HRTEM images of P,p.cp nanoparticles showing its decomposition under 312
the e-beam

Table S4. Quantification of the component molar ratio in Pap.cp S12
Figure S11. Comparison between the FTIR spectra of CB, AD@CB, Pap and Pap.cp S13
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Experimental Section
Materials

All the reagents used in the synthesis of the perovskites and the ammonium bromides were purchased
from Aldrich and used as received. The organic solvents were of spectroscopic grade (Scharlab).
Cucurbit[7] uril (99 %) was purchased from Stream Chemicals.

Methylammonium bromide (CH;NH;Br) and 2-adamatylammonium bromide (C,oH;sNBr) were
synthesized by reaction of the corresponding amine in water/HBr, accordingly to the previously
reported procedure.!

Characterization Methods
UV-Visible and photoluminescence steady-state studies

UV-visible spectra of the samples were recorded using a quartz cuvette in a UV-visible
spectrophotometer secoman Uvi Ligth XTS5.

Steady-state fluorescence spectra were measured at room temperature on an Amnico Browman series
2, Luminescence spectrometer, equipped with a Xenon lamp (150 W). The AB2 software (v. 5.5) was
used to register the data. All the data were acquired using 1cmx1cm path length quartz cuvettes, using
an excitation wavelength of 350 nm.

Photoluminescence quantum yields

The photoluminescence (PL) quantum yield of colloidal perovskite nanoparticles was measured using
a Hamamatsu C9920-02 absolute PL Quantum Yield Measurement System with monochromatic light
source (150 W) and integrating sphere. The nanoparticles were dispersed in toluene and the excitation
wavelength used was 350 nm. Solution of 9,10 diphenylanthracene (DPA, ®p; =0.91 in cyclohexane at
Aexe= 355 nm ) and fluorescein (Opp =0.86 in NaOH 0.1 M at A = 465 nm) were used as fluorescence
standards for the characterization of QY measuring systems. ™

Time-resolved photoluminescence decays

PL decays were measured using a Compact fluorescence lifetime spectrometer C11367, Quantaurus-
Tau, with seven types of LED light source (280 nm, 340 nm, 365 nm, 405 nm, 470 nm, 590 nm, 630
nm). Fluorescence lifetime measurement software U11487 was used to register the data. All the data
of PL decay of perovskite dispersed in toluene were acquired using lcmxlcm path length quartz
cuvettes, and LED excitation wavelength of 340 nm.

The PL decays of colloidal perovskite nanoparticles P,p and Pap.cp were fitted with a triexponential
function of time (t) equation 1, where t; are the decay times and o; represents the amplitudes of the
components.

Hey= Eia(— ey

Time-resolved photoluminescence spectra

The time resolved PL spectra measurements were made with a Time Master Fluorescence lifetime
spectrometer TM-2/2003 from PTI. Sample excitation was afforded by PTI’s own GL-3300 nitrogen
laser at 337 nm (Energy per pulse at 5 Hz of 1.45 mJ). These time resolved PL spectra were compared
with the steady-state PL spectra measured on a spectrofluorometer PTI (LPS-220B, motor driver MD-
5020, Brytebox PTI), equipped with a Xenon lamp (75 W) power supply. The Felix 32 Analysis
software was used to register the data. All the data were acquired using 1cmx1cm path length quartz
cuvettes and at room temperature.
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Microscopy images

Transmission electron microscopy TEM measurements were carried out by using a Field Emission
Gun (FEG) TECNAI G2 F20 microscope operated at 200 kV. TEM samples were prepared from a
toluene dispersion of the nanoparticles, and a few drops of the resulting suspension were deposited
onto a carbon film supported on a copper grid, which was subsequently dried.

The atomic-force microscopy (AFM) analysis of P,p topography images was recorded in tapping
mode using a Di NanoScope IVa Controller (resonance frequency of 300 KHz, force constant of 40
N/m). A tip radius (rtip) of 10 nm and tip-to-face angle (y) of 19.4° were used to estimate the
experimental width. The samples were prepared by drop casting of concentrated (2 mg/mL) toluene
dispersion and a fiftyfold more diluted sample on silicon wafers. These substrates had been
previously sonicated for 10 minutes in a freshly prepared H,O,:NH,OH:H,O (1:1:2) solution and the
process was repeated three times using new solutions. Then, they were sonicated for 10 minutes in
mili-Q water twice and dried under a N, stream. The AFM images were analysed following a reported
methodology.”!

X-Ray Power Diffraction (XRPD)

The XRD analyses were performed in a powder diffractometer D8 Avance A25 model Bruker, with a
powder diffractometer 6-0 configuration, X-ray tubes on a lineal receiver Cu radiation, and plus
DIFFRAC EVA Data assessment program. The diffracted intensities were recorded at room
temperature from 2° to 80° 20 angles, with a step size of 0.02° and an acquisition time of 38.4 seconds
per step.

Nuclear magnetic resonance (*H-NMR)

The perovskite NPs were transformed into their components by addition of deuterated DMSO. The 'H-
RMN spectra were registered at room temperature in a Bruker DPX300 spectrometer, with a 300 MHz
Bruker magnet (7 T). The chemical shifts (8) are informed in ppm relative to tetramethylsilane (TMS).

Thermogravimetry analysis (TGA)

The TGA was carried out using a Mettler Toledo TGA/SDTA 851e system with an operative
temperature range 25-1100 °C and 0.1 microgram sensitivity. The samples were heated from 25 to 800
°C, with an increase of 10°C /min and under nitrogen flux of 40 mL/ min.

Attenuated total reflection-Fourier transforms infrared spectrometry (ATR-FTIR) measurements

All ATR-FTIR spectra were performed using a FTIR Thermo Nicolet Nexus spectrophotometer at
room temperature with 64 scans and a resolution of 4 cm™ between 400 and 4000 cm™. CB spectrum
was performed depositing the powder directly on the crystal. ADBr@CB, Pap and P,p.cp FTIR spectra
were measured depositing a drop of a concentrated solution followed by slowly evaporating the
solvent at room temperature. ADBr@CB solution was made in acetonitrile while P,p and Pap.cp
solutions were dispersed in hexane.

Variation in the separation method of P,p nanoparticles

Colloidal P,p perovskites were centrifuged at 3000 rpm for 5 minutes at 20 °C and the precipitate (P,)
was separated. The supernatant was centrifuged at 9000 rpm for 10 minutes at 20 °C, leading to a new
precipitate (P,) and supernatant (Sp;). The precipitates (P, and P,) were dispersed in toluene and
maintained as colloidal dispersions.
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In another experiment, the precursor solution was dropped into 80 mL of toluene instead of 5 mL.
Then, the dispersion was centrifuged at 7000 rpm for 5 minutes at 20 °C. The precipitate (P;) was
dispersed in toluene (1 mL). The precipitate and the supernatant (Sp;) were analysed.

Analysis of the components in Pap and Pap.cg and their quantification by NMR and TGA

The colloidal P,p and Pap.cp nanoparticles were precipitated by centrifugation at 7000 rpm and the
resulting supernatants were analysed by 'H-NMR spectroscopy and TGA in order to quantify their
components. The PbBr, content in an aliquot of perovskite material was determined by TGA, which
confirmed the absence of unreactive PbBr,, which exhibits a shifted TGA curve when compared with
that of the PbBr, in the perovskite. Then, another aliquot of the perovskite material was reverted back
into the precursors by dissolving it in deuterated dimethyl sulfoxide to determine the molar ratio of the
organic components of the perovskite. The supernatants were similarly analysed by TG and 'H-NMR.
The resulting data made it possible to determine the chemical yield of the perovskite material. The
ratio of each component is shown in Tables S1 and S2.

Stability and photostability of Pap and Pap.cg colloidal nanoparticles

The emissive properties of Pxp and Pap.cp dispersed in toluene did not change when they were stored
in the darkness and under air for six months.

The photostability of Pap and Pap.cp colloidal nanoparticles, in the presence and in the absence of air,
was studied by irradiating the samples (A, at 350 nm) for 3 h on a spectrofluorometer PTI, equipped
with a Xenon lamp (75 W) at room temperature. The Felix 32 Analysis software was used to register
the data. All the data were acquired using 1cmx1cm path length quartz cuvettes.
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Figure S1. Absorption (a) and emission (b) spectra of Pap colloidal perovskite nanoparticles using
1:1, 2:1 and 4:1 molar ratio between ammonium salts and lead bromide (MABr:ADBr=6:4)
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Table S1. Photoluminescence data of toluene dispersion of P,p precipitate (P,), obtained after
centrifugation of the initial dispersion, and of the precipitate (P,) obtained after centrifugation of the
supernatant, and of the final supernatant (Sp,)

Pap 2% (nm) Tav 7" (ns) 7% (ns) 73" (ns)
9.6 52.5 2432
P 521 94.7
! (73) (24 3)
49 35.4 225.5
P 523 87.1 -
2 (83) (15) 2
6.7 41.5 247.7
S 523 112.8
i (46) (49) ()

Y )exe 340 nm. ® Contribution of the component to the total PL in brackets.

0.3

PL (a.u)

9100 450 500 550 600 650 0 200 400 600 800

Wavelength (nm) Time (ns)

Figure S2. (a) Emission spectra and (b) kinetic traces of Pap precipitate (P;) obtained after
centrifugation of the initial dispersion (injected into 80 mL of toluene) and the final supernatant (Sg;).

Table S2. Photoluminescence data of Pap precipitate (P;) obtained after centrifugation of initial
dispersion (injected into 80 mL of toluene) and the final supernatant (Sps).

A (nm) Tov ©"” (ns) %" (ns) " (ns)
7.6 44.0 2134
P 522 82.5
: 19) (18) 3)
8.6 40.8 153.7
Sps 520 83.8 ©) (30) ®

D hexe 340 nm. ” Contribution of the component to the total PL in brackets.
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Figure S3. X-Ray Powder diffraction (XRPD) patter of P,p (a) and Pp,ce (b). Reference lines for
specified reflections derived from XRD patterns reported for MAPbX; nanoparticles (c, d); ! lead
bromide (d, PDF 05-0608) and lead (d, PDF 00-003-1156). Signals corresponding to ADBr are
marked with an asterisk.

Figure S4. HRTEM images of P,p showing nanoplatelets and the decomposition of the perovskite
sample; scale bar 20 nm.
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High-resolution TEM (HRTEM) images from a Pap sample

Both high-resolution TEM (HRTEM) and selected area electron diffraction pattern were used to obtain
structure information of the synthesised nanoparticles. Figure S5 (a, b) presents a representative TEM
image of a P,p sample with its corresponding SAED pattern. We observed a characteristic
polycrystalline diffraction pattern which showed well-defined spots distributed in at least 4 diffraction
rings. The radius of the electron diffraction ring r(hkl) and the interplanar lattice spacing d(hkl) are
related by r(hkl).d(hkl) = LA, where LA = 1 is the camera constant of the transmission electron
microscope. From the electron diffraction pattern, r is measured and the lattice spacing d is
determined. The experimental d-values determined from the SAED pattern of P,p sample were found
to be: 2.87, 2.49, 1.77 and 1.516 A corresponding to the planes (111), (200), (220) and (311)
respectively, which are indexed as the cubic phase of Pb (JCPDS: 004-0686) with space group Fm3m.
It is worth noticing that no diffraction rings corresponding to other compounds are observed.

The single crystalline structure of nanoparticles was also confirmed by the high-resolution TEM image
suggesting the nanoparticles were single crystals as indicated clearly by atomic lattice fringes figure
S5 (c,d). Direct measurement of spacing in between the crystal fringes visualized in the HRTEM
micrograph is 2.86 A and corresponding to the (111) lattice spacing of Pb, another lattice spacing of
2.46 A between adjacent lattice planes corresponds to the (200) planes of cubic Pb.

Figure SS5. Representative TEM images of P,p sample (a) and the corresponding SAED pattern (b);
scale bar 50 nm and 1 nm, respectively. HRTEM images showing the formation of Pb nanoparticles
after exposure of P,p to the e-beam for 50s (c); the crystal fringes of the selected area in white (d).
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Figure S6. (a) AFM image of a diluted Pop sample (the Pop sample in Figure 2 was diluted by
fiftyfold) showing the appearance of smaller aggregates. (b) Line profile of the aggregate identified in
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Figure S7. TGA heating curves (-) and the corresponding 1% derivatives (---) of Pxp (a), Pap.cs (b) and

the precursors ADBr (¢), MABr (d) and PbBr; (e)
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Figure S8. 'H-NMR spectra of CB (a), ADBr (b), Pap (¢) and Pp.cp (d) in deuterated DMSO.

Table S3. Quantification of the component molar ratio in Pap, by using TGA and 'H-NMR data

PAD
Reagents Reagents Component Component/PbBr,’
pmol pmol Molar ratio
ADBr 6.9 2.02 0.29
MABTr 10.3 4.59 0.68
PbBr, 8.2 6.86 1.00
*Mol of PbBr, calculated by TGA.
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Figure S9. (a,b) HRTEM images (scale bar 50 and 20 nm) of P,p/g nanoparticles at 80°C in toluene,
the perovskite decomposes under the e-beam. Absorption (c) and emission (d) spectra of the Papso
dispersed in toluene.
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Figure S10. HRTEM images of P,p.cg showing it decomposition under the e-beam; scale bar 50 nm.

Table S4. Quantification of the component molar ratio in Pxp.cp by using TGA and '"H-NMR data

PAD-CB
Reagents Reagents Component Component/PbBr,”
pmol pmol Molar ratio

ADBr 6.54 2.28 0.297
MABr 9.81 5.96 0.770

CB 0.54 0.34 0.045
PbBr, 8.17 7.66 1.00

*Mol of PbBr; calculated by TGA.
S12
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Figure S11. Comparison between the ATR-FTIR spectra of: (a) CB, (b) ADBr@CB, (¢) Pap
and (d) Pap.cg. The signals corresponding to the remaining hexane are marked with an
asterisk (*).
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The preparation of densely-packed films from hybrid lead halide perovskite nanocrystals is not trivial, as
during assembly into the solid state both the charge transport and photoluminescence can be
substantially altered. The objective of the present study was to retain the pre-engineered confined
morphologies of hybrid lead halide perovskite nanocrystals in densely-packed solid films by using short
organic ligands. Therefore, the roles of the organic ligands would be to provide stable colloids and a
good passivation of the nanoparticle surface, as well as to enable the efficient assembly of the
nanoparticles in the solid state. We report here an effective and reproducible process to deposit lead
halide perovskite nanoparticle films from colloidal CHsNHsPbBrs nanoparticles short organic ligands.
Remarkably, we demonstrate that nanoparticle solid films with thicknesses of hundreds of nanometres
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1. Introduction

Organic-inorganic (hybrid) perovskites exhibit exceptional electronic
and optical properties and are of great interest in photovoltaic
devices and as luminescent materials for light-emitting devices."™
Hybrid perovskite films are commonly solution-processed directly
from their precursors and consist of polycrystalline materials with
many grain boundaries, which may act as recombination centres.” A
good passivation of the perovskite films to minimize non-radiative
recombination is important to achieve high efficiency in opto-
electronic devices.® Passivation of the grain boundaries with
species such as chloride ions, pyridine and lead halides can
diminish the detrimental effect of the trap states.>””® Moreover,
it has recently been reported that passivation of the grain
boundaries during spin coating of the precursor solution of
the CH;NH;PbI; perovskite on a substrate in the presence of
excess methylammonium iodide can even facilitate the charge
transport in the film.*® Hybrid lead halide perovskites can be
prepared as small-sized nanoparticles (NPs) by using medium-to-
long chain alkylammonium halides to enable the confinement of
the material to the nanometer scale and their dispersibility in
low-to-medium polar organic solvents, as well as to provide high
photoluminescence (PL). The challenge is to retain pre-engineered
quantum confined structures and properties into nanoparticle

Instituto de Ciencia Molecular (ICMol), Universidad de Valencia, Catedrdtico José
Beltran 2, 46980, Paterna, Valencia, Spain. E-mail: julia.perez@uv.es

+ Electronic supplementary information (ESI) available: Additional absorption
and emission spectra, SEM images and X-ray diffraction (XRD). See DOI: 10.1039/
c8tc01344f
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can retain high photoluminescence, with a quantum yield of 80%, and still sustain charge transport.

solid films.'® In particular, ensuring charge transport in perovskite
NP films while maintaining high PL can be achieved only in
densely-packed NP assemblies."* Such films can be obtained with
perovskite colloids which are well passivated by ligands that can
also strongly assemble the NPs at short distances, hence retaining
the pre-engineered colloidal morphologies in the solid film. How-
ever, organic ligands used in the typical synthesis of colloidal
inorganic nanoparticles are usually large and bulky and therefore
suppress inter-particle coupling (hindering charge transport) when
assembled in solid films. Consequently, several approaches have
been used to decrease the inter-particle distance and to enhance
charge transport,'* such as thermal decomposition of the original
ligand,"'* and exchange for a smaller or an electrically active
one.”” An alternative strategy is the post-assembly treatment of
NP films with a short, compact ligand."®'® The preparation of
uniform perovskite NP films with a controlled thickness is essen-
tial for their application in light-emitting diodes and solar
cells.***' We hypothesized that the preparation of these NP films
with good charge transport properties requires the use of well-
passivated NPs, whose organic capping would (i) provide them
with a low tendency to aggregate in solution, (ii) enable their
assembly in densely-packed nanoparticle films, and (iii) be charge
transport-compatible. The high PL and photostability, among the
other features, are also essential for their good performance.””
After methylammonium lead bromide (CH;NH;PbBr;) colloids
were first synthesized in 2014 with a 20% photoluminescence
quantum yield (®p;), small variations in their preparation and
organic capping quickly led to colloidal perovskites with a higher
luminescence.>* In fact, we have recently demonstrated that
CH3NH;PbBr3 NPs (Paapars:) capped with 2-adamantylammonium
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bromide (2ADAH-Br), i.e., with both ions within the 1 nm scale, are
highly luminescent (®p, ca. 100%).>® We also demonstrated that the
capping failed to provide the required steric hindrance between
the nanoparticles and, as a consequence, there was considerable
aggregation in solution, manifested by an extremely long-lived
photoluminescence (average lifetime in hundreds of nano-
seconds).”®** To address the preparation of uniform and highly
dense perovskite NP solid films, it is imperative to use non-
aggregated colloidal nanoparticles. The tendency to aggregate
P,apan-pr Nanoparticles is consistent with the considerable van
der Waals attraction between adamantyl moieties that can
overcome the steric repulsion (this effect is size- and shape-
dependent). In fact, they have been used as strongly molecular
structure-directing agents.*® > Surface engineering of extraordinarily
emissive Pyapaps: Nanoparticles should now be directed towards
decreasing their aggregation tendency in solution by interfering
slightly in their interaction with the final aim of preparing films
with enhanced optical and electronic properties.

We report here that highly photoluminescent colloidal
CH;3NH;PbBr; perovskites capped with 2-adamantylamine and
a short-chain alkanecarboxylic acid show a low tendency to
aggregate in solution but can be assembled in densely-packed
NP films with controlled thicknesses by centrifugal casting.
Electrical measurements using simple multilayer diodes and
conductive atomic force microscopy (c-AFM) showed that the
ligand in the nanoparticle solid film does not only passivate the
grain boundaries well but it also proves to be carrier transport-
compatible.

2. Results and discussion
2.1 Surface engineering of the perovskite nanoparticle surface

Our first aim was to determine the effect of the ligand type on
the emission lifetime and ®p; of the CH;NH;PbBr; NPs. In
particular, we selected certain ligands in order to screen for the
effect of several factors: (i) the shape of the adamantylamine on
the NP surface, by comparing 2-adamantylamine (2ADA) with
1-adamantylamine (1ADA); (ii) the length of a linear alkyl-
carboxylic acid (with 3, 6, 8, 10 and 18 carbon atoms), and (iii) the
use of branched isobutanoic or 1-adamantanecarboxylic acid, a
nanometer-sized moiety which is both rigid and virtually stress-
free, instead of the Br anion (Fig. 1a).

The preparation of the CH;NH;PbBr; NPs was carried out
following a previously described procedure for Poaparpr>®
Briefly, a DMF precursor solution containing lead bromide
and CH;3;NH;Br (1: 1.1 molar ratio) and organic ligands, specifically
1-ADA or 2-ADA and an alkylcarboxylic acid (0.8:9.5 molar ratio),
was injected dropwise into toluene while stirring, see the Experi-
mental section for further details. This yielded a green lumines-
cence dispersion, which after centrifugation (7000 rpm) for 7 min,
produced a solid which can easily be dispersed in toluene.

Piapan-sr Suspensions showed average PL lifetimes of 37 ns,
but they were considerably less luminescent (@py, ca. 40%) than
Poapan-gr- It is highly probable that the shape of 2ADA facilitates
the Br proximity to the nanoparticle surface (better passivation),

6772 | J. Mater. Chem. C, 2018, 6, 6771-6777

View Article Online

Journal of Materials Chemistry C

a P apa-Carboxylic

CH;NH;PhBrs (1ADC)

0\([ iBUC)
1ADA ‘}“R
. Q9

Q@ -NH; R-0

Q-COOH  ©lic
decanoic
octanoic
hexanoic
propanaic

b e

02
g
g
Sl
| | 1 1

0
400 450 500 550 600 650 4sp 500 550 600
Wavelength (nm) Wavelength (nm)

o Ed

@
)

oPL (a.u)s

=
T

1 1 |
50 00 150 200 250 300 350
Wavelength (nm)

< [T

Fig.1 (a) Schematic representation of CH3zNHzPbBrs nanoparticles
capped with ADA and carboxylic acid. (b—d) Absorption spectrum (b),
PL emission spectrum (c) and PL kinetic decay traces of colloidal
P2ADA-propancic Nanoparticles (d) in toluene.

while it also favours a strong inter-particle interaction (long
lifetime), leading to the formation of undesirable aggregates in
solution.

Subsequently, we studied the optical properties of Prapa.carboxylic
perovskites which were prepared using alkylcarboxylic acids and
adamantylamine (with a carboxylic acid/ADA molar ratio of 12:1),
with the aim to interfere in the formation of aggregates.

Interestingly, the colloidal nanoparticles with the shortest
alkyl-chain carboxylic acid (propanoic acid), P,apa-propanoics
showed the desired photophysical features: a high quantum
yield (98%), a shorter average PL lifetime t,, (33 ns), and the
emission peak wavelength at about 516 nm (with full width at
half height, FWHM, of 27 nm), Fig. 1. The photophysical data
for the other nanoparticles are described in Tables S1, S2 and
Fig. S1, S2 (ESIf).

These findings suggest a positive synergy between the carboxylic
acid and 2ADA, while the 2ADA steric hindrance enables a good
passivation of the nanoparticle surface, thereby reaching the
high @py, of Poapan-gr, the anchored carboxylic acid impedes the
aggregation of the colloidal nanoparticles. The nanoparticles
transform when they are observed using transmission electron

This journal is © The Royal Society of Chemistry 2018
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microscopy due to electron-beam-induced damage, as reported
before.”®*? Scanning electron microscopy (SEM) revealed the
formation of the nanoparticles with a diameter of about 22 nm
(Fig. S3, ESTY).

X-ray photoelectron spectroscopy (XPS) can provide the
binding energy (BE) of a core-level electron of an atom in the
solid. This energy depends on the potential energy at that
position, which in turn depends on the chemical environment
of the atom. The Pb 4f XPS spectra (Fig. S4a, ESIT) showed two
symmetric peaks at 138.1 eV and 143.0 eV, attributed to Pb 4f;,
and Pb 4f;,, respectively.*® The spin-orbit splitting was 4.9 eV,
which agrees with the value reported in the literature.>*** The
Br 3d XPS spectrum (Fig. S4b, ESIf) showed two peaks at
67.9 eV and 69 eV, which can be assigned to the inner and
surface Br anions.>>?> The N 1s XPS spectrum (Fig. S4c, ESIT)
was deconvoluted into two peaks centred at 399.8 eV and
401.5 eV, which can be ascribed to 2-adamantylamine and
the methylammonium salt, respectively.***® The O 1s XPS
spectrum (Fig. S4d, ESI{) exhibited three peaks. The typical
band at 530.0 eV was accompanied by two other peaks at higher
energies: the peak at 531.8 eV ascribed to the two nonequivalent
oxygen atoms of the carboxylic acid and the peak at 533.4 eV
assigned to the two chemically equivalent oxygen atoms of the
carboxylate species. The C 1s XPS spectrum (Fig. S4e, ESIt) also
deconvoluted into three peaks, the peak at 284.6 eV can be
assigned to C-C and C-H bonds, while that observed at 285.9 eV
can be attributed to the C-N bond of the amine and the C-O
bond of the carboxylic acid.>* Finally, the peak at the highest
binding energy (288.4 eV) can be assigned to the C—0O bond
of the propionic acid.*® The quantification of the perovskite
components by XPS showed an atomic ratio of 2.7 and 1.1 for
Br/Pb and N/Pb, respectively.

2.2 Preparation of nanoparticle solid films

There are several strategies for the preparation of films from
the nanoparticles in suspension, such as drop casting and spin
coating, and the challenge is to obtain uniform, defect-free
films. Though colloidal quantum dots, such as CdSe and PbSe,
have been self-assembled successfully into thin films,'*?” the
same has not been reported widely for hybrid perovskites. The
process chosen here was centrifugal casting, which uses centrifugal
acceleration to distribute and ultimately cast the material onto a
large surface with high control of the thickness (see details in the
Experimental section).*®** The substrate (glass slide) was placed at
the bottom of a conic centrifuge tube (50 mL) together with 5 mL of
freshly-prepared colloids, and the sample was centrifuged for 6 min
(Fig. S5, ESIT). The nanoparticles in the suspension started to settle
and assemble on the substrate. After complete sedimentation of the
nanoparticles, the supernatant liquid was removed and the film was
dried under a toluene atmosphere at room temperature.

The previously synthesized colloidal Papa-propanoic NPS at
different concentrations (25, 50, and 100% v/v) in a final
volume of 5 mL were used for the preparation of films of
different thicknesses (Pgim1, Priimz and Pgims, respectively)
by centrifugal casting of toluene colloids (see details in the
Experimental section).
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Fig. 2 (a—c) Cross-sectional SEM images of the Papa- propanoic NPs solid
films on glass with different thicknesses: Pfmi (@), Priimz (b) and Pgms (c);
scale bar = 500 nm. (d) Top view SEM image of Py (scale bar of 3 pm).
(e and f) Absorption and normalized PL spectra of the Paapa-propanoic films.

Table1 Photoluminescence data of the P2apa-propanoic COlloids and of the
corresponding films

Thickness (NM) " (nm) FWHM? (nm) ®p° Ta? (ns)

P2ADA-Propanoic 516 27 98 33
Piim1 260 527 26 80 52
Priim2 396 528 26 72 58
Pitms 670 529 28 53 93

@ PL peak maximum. ? Full width at half maximum. ¢ PL quantum
yield (Jexe = 365 nm). ¢ Average lifetime. The PL decays, registered at
the PL peak maximum, were fitted with a triexponential function.

The cross-sectional SEM images of the films (Fig. 2d-f) show
the formation of densely-packed nanoparticle solid films of
increasing thicknesses (260 + 30 nm, 396 + 28 nm, and 670 =+
44 nm for Pgmi, Pilme, and Pz, respectively). Comparison
between the PL parameters of the film series (Table 1) and the
colloid showed that (i) the PL emission of the films shifted
slightly to a lower energy due to photon recycling; (ii) the peak
width of the films was unchanged when compared to that of the
colloidal NPs; (iii) the @py, of Py was very high (80%) in spite
of its thickness and (iv) its PL lifetime only changed from 33 ns
to 52 ns.

Due to the remarkable photophysical properties of Pgq; and
their similarities to those of the colloidal suspensions, we focused
the following studies on this particular material. The film showed
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a clear band edge cut-off with no apparent excitonic contribution
and an optical band gap of about 2.3 eV (Fig. 2e). The energy-
dispersive X-ray spectroscopy (EDX) analysis of the film indicated
an average Br/Pb molar ratio of 3.1.

The grazing incidence X-ray diffraction (GIXRD) pattern of
the NP film showed the typical single-phase model corres-
ponding to the cubic phase (Fig. S6, ESIT), where the diffraction
peaks at 14.97, 21.1°, 30.1°, 33.7°, 43.0° and 45.8° correspond to
the (001), (011), (002), (021), (211), (022) and (221) crystallo-
graphic planes.*'

2.3 Charge transport and morphology of the nanoparticle
solid film (P;gim)

In order to investigate the charge transport properties of the
perovskite NP films, we prepared multi-layer diodes using
organic semiconductors as charge transport layers. The diodes
were prepared on patterned indium tin oxide (ITO) coated glass
slides, using poly(3,4-ethylenedioxythiophene)polystyrene sulfo-
nate (PEDOT:PSS) as the hole injection layer, the P,g,,, perovskite
film, 1,3-bis[3,5-di(pyridin-3-yl)phenyl]benzene (BmPyPhB) as the
electron transport layer and Ba (5 nm) and Ag (100 nm) as the
cathodes. The device layouts as well as the current density-voltage—
luminance (J-V-L) curves are reported in Fig. 3. The electrical
characteristics indicate a high-quality diode, as the leakage current
(ohmic component at low applied bias) is very low, indicating a low
density of defects in the perovskite NP film. Current injection takes
place at about 2 V, when the electroluminescence is also observed.
This means that both electrons and holes are injected into, and
transported within, the perovskite NP film. We also fabricated
reference diodes with the same transport materials but with a spin-
coated polycrystalline MAPbBr; film as the active layer (thickness
of 300 nm). The J-V characteristics of this diode closely resemble
that of the device based on the NPs (Fig. 3), suggesting a comparable
carrier transport within the two materials. The moderate electro-
luminescence (about 20 cd m™~?) can be ascribed to a non-optimal
device configuration, i.e. a lack of an electron blocking layer in
between PEDOT:PSS and the perovskite film, or to spatial
inhomogeneities in perovskite morphological and optoelectronic
properties.”” Conductive atomic force microscopy (c-AFM) allows
the simultaneous acquisition of dark conductivity and topographic
maps of the same area of a sample.”® Thus we have used c-AFM to
study the local electronic properties and morphology of the film

£

a)

BmPyPhB (40 nm)

MAPbEF, NPs

Luminance [cdfm’]

Current density [Afm’]

PEDOT.PSS (40 )

Veltage [V]

Fig. 3 (a) Device structure and (b) current density (symbols) and lumi-
nance (line) vs. the applied bias curve for the multilayer diode using the
perovskite NPs (blue) and a reference polycrystalline MAPbBrs film
(orange) as the electroluminescent materials.

6774 | J. Mater. Chem. C, 2018, 6, 6771-6777

View Article Online

Journal of Materials Chemistry C

Fig. 4 (a) Topographical AFM; (b) c-AFM images of P+ obtained at a
bias voltage (—3.5 V) in the dark. (c) 3D topographic and c-AFM images of
Pfiim1+ (bias = —3.5 V). AFM image scales: 5 um x 5 pm. (d) Cross-sectional
SEM images of Py« (scale bar 500 nm).

prepared by the centrifugal casting of colloidal P,apa-propanoic NPS
onto the ITO-coated glass, using the same volume and con-
centration of the NP colloid as that used in the preparation of
Pifim. The thickness of the nanoparticle solid film on ITO-
coated glass (291 + 18 nm) was similar to that obtained on the
uncoated glass (Fig. 4d).

AFM measurements were performed under dark conditions
(i.e. only illuminated by the AFM near-IR laser) to avoid any
photocarrier generation. Conductive AFM can be carried out
either in a conventional contact mode or by a modified protocol
in which, at each pixel, the tip approaches the surface, measures
the current, retracts from the surface and then moves to the next
pixel. As we did not observe any tip-sample deterioration, we
performed the measurements using the conventional contact
mode. Fig. 4 displays the topographical image of the film over
an area of 25 um” and the corresponding conductive images of
the film at a bias voltage of —3.5 V in the dark (Fig. 4a and b,
respectively). The brightest and darkest contrast in the topo-
graphical image, Fig. 4a, indicates protrusions and depressions
in the range of +80 nm to —80 nm, respectively, revealing an
average root mean square roughness (Rrys) of about 25 nm,
which is comparable to that of PbSe quantum dot films (19 nm)
of a similar thickness.*”

Remarkably, the conductive c-AFM maps also show the
presence of large inhomogeneities in the film, with relatively
low conductive regions and high conductive domains (Fig. 4b).
Such spatial inhomogeneity is probably hindering the homogeneous
transport of injected carriers, which would be preferentially
transported and would then recombine through the high con-
ductivity regions of the diode. This uneven distribution of
charge carriers can cause the inefficient electroluminescence
observed here. It is worth noting that the superposition of the
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topography with the conductivity map (Fig. 4c) shows only a
small correlation between the surface topographical structures
and the current intensity, suggesting that the spatial current
distribution is not solely associated with the topographical
features of the NP solid film (such as the height, ie. film
thickness). The high conductive domains are attributed to the
high-density regions of NPs with a more efficient connectivity
between them. This can be related to the unique properties of
the adamantyl moiety, in particular to the strong ADA-ADA
interactions, which minimise the inter-particle distance.

3. Conclusions

In summary, we demonstrate here the preparation of highly
luminescent (quantum yield of 80%) thin films with arbitrary
thicknesses (up to several hundreds of nanometers), consisting
of densely-packed hybrid lead bromide nanoparticles. This
result was achieved by surface engineering of the NPs through
screening for several different ligands. In particular, adamantyl-
amine-capped CH3;NH;PbBr; nanoparticles can be produced as
highly emissive colloids with a low tendency to aggregate when
short alkyl chain carboxylic acids are used as co-ligands, and the
cooperative action of the ligands can interfere with the inter-
particle interactions.

In spite of the thickness of these nanoparticle films, they
exhibited good charge transport properties, as shown by conductive
atomic force microscopy and electroluminescent measurements.
This indicates that short ligands are able to efficiently passivate the
perovskite surface, interfering with the nanoparticle aggregation
and allowing efficient charge transport.

4. Experimental section
4.1 Materials

All the reagents and solvents used in the synthesis of the
perovskites were purchased from Aldrich and used as received.
Methylammonium bromide (CH3;NH;Br) was synthesized by
the reaction of methylamine with HBr/water.>®

4.2 Preparation of the perovskite nanoparticles

The Prapa-carboxylic NPs were prepared following a similar
re-precipitation method that we reported previously.”® The
precursor solution was prepared by mixing lead bromide (50 mg,
0.136 mmol), methylammonium bromide (CH3;NH;Br, 18 mg,
0.160 mmol), 2-adamantylamine (16.4 mg, 0.108 mmol) and
propionic acid (97 pL, 1.30 mmol) in 5 mL of dimethylformamide.
The molar ratio of PbBr,: CH3NH;Br:2ADA : propionic acid was
1:1.1:0.8:9.5. Then, 100 pL of the precursor solution was injected
drop by drop into toluene (5 mL) while stirring and a strong
green luminescence dispersion was immediately observed. The
unreactive material was separated by centrifugation at 7000 rpm
(6300 g) for 7 minutes at 20 °C. The solid obtained was dispersed
in toluene (5 mL) and maintained as colloidal dispersion. The
perovskite colloids comprising a different carboxylic ligand were
prepared following the same procedure but replacing the propionic
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acid with the corresponding alkyl carboxylic acid, preserving the
molar ratio between the reagents (Fig. S1 and S2 (ESIT)).

4.3 Preparation of the nanoparticle solid films

The NP solid films (Pfiim1, Pfiima, and Pgms) were prepared by
the centrifugal casting of colloidal P>spa-propanoate NPS, using an
Eppendorf Centrifuge 5804 R. Different volumes of the colloid,
1.25 mL (Pgijm1), 2.5 ML (Pgiimz) and 5 mL (Pgjm3), were added to
a conical centrifuge tube (50 mL) containing the glass slide
substrate (1.5 cm?”) at the bottom, and the final volume of the
toluene colloidal dispersion was 5 mL. Then, the sample was
centrifuged (6 min at 6000 rpm); the supernatant was pipetted
out and the glass substrate with the deposited CH;NH;PbBr;
nanoparticle was carefully washed with toluene and allowed to
dry under a saturated toluene atmosphere at room temperature.
The film on the ITO-coated glass was prepared similarly to
Priimi. The substrates were first cleaned ultrasonically in soapy
water, then in de-mineralised water and finally in 2-propanol
baths. Finally, they were dried under nitrogen and immediately
placed into a conic tube.

4.4 Materials characterization

Optical measurements. The UV-Vis spectra of the colloidal
samples were recorded using a quartz cuvette in a UV-visible
spectrophotometer secoman Uvi Light XT5. The spectra of the
UV-Vis films were recorded on a JASCO V-670 spectrometer with a
horizontal integrating sphere (PIV-757). Steady-state PL spectra
were measured using an Aminco Bowman series 2 Luminescence
spectrometer. PL decays were measured using a Compact fluores-
cence lifetime spectrometer C11367, Quantaurus-Tau. PL lifetime
measurement software U11487 was used to register the data; the
PL decays were fitted with a triexponential function. The PL
quantum yield of colloidal NPs and the film was measured using
a Hamamatsu €9920-02 absolute PL Quantum Yield Measure-
ment System with a monochromatic light source (150 W) and an
integrating sphere. All the PL data of colloidal nanoparticles
were measured in toluene, using 1 cm x 1 cm path length
quartz cuvettes, at room temperature and using an excitation
wavelength of 365 nm.

Morphological characterization. The top and cross-sectional
SEM images of the NP solid films were obtained using a
HITACHI $-4800, with a spotlight of field emission (FEG). The
images were obtained at 20 kV. The EDX analysis was carried
out in a HITACHI S-4800 equipped with an XFlash 5030 Bruker
detector using acquisition software QUANTAX 400. The PXRD
of the NP solid films was registered using a powder diffracto-
meter D8 Advance A25 (Bruker). The diffracted intensities were
recorded at room temperature from 5° to 80° 26 angles, with a step
size of 0.02° and an acquisition time of 38.4 seconds per step.

4.5 Multi-layer diodes fabrication

Glass substrates with an indium-doped tin-oxide (ITO) coating
were subsequently cleaned with a detergent solution, Millipore
water, isopropyl alcohol, and then transferred to a UV-ozone
chamber for 20 minutes of treatment. Hence they were coated
with a 40 nm thick poly(3,4-ethylenedioxythiophene) doped
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with the poly(styrenesulfonate) (PEDOT:PSS, Clevios PVP Al
4083 from Heraeus) film in air, and annealed at 150 °C for
15 minutes. After deposition of the nanoparticle films by
centrifugal casting, the electron transport (hole blocking) layer
(BmPyPhB) and the top metal electrode (5 nm Ba capped with
100 nm Ag) were thermally evaporated in a high vacuum
chamber with a base pressure of 10~® mbar. The devices were not
encapsulated and were characterized in a nitrogen-filled glove box.
The current density and luminance versus voltage characteristics
were measured using a Keithley 2400 SourceMeter and a photo-
diode coupled to a Keithley 6485 Picoammeter.

4.6 Conductive atomic force microscopy (c-AFM)

The topographic, current mapping and /-V measurements of
NP solid films prepared on the ITO-coated glass substrate were
measured using an atomic force microscope Park Systems
NX20, equipped with Pt-Ir coated Si tips (CONTSCPt, diameter
7 nm), using a resonance frequency of 31.998 kHz and a spring
constant of 0.2 N m™'. c-AFM mapping was performed in
contact mode at different voltage bias (from +0.5 V to £4.5 V)
and at scan rate of 0.6 Hz. The current is measured directly after
the tip using a preamplifier with a gain of 1011 V/A (ULCA). The
current and topographic images were taken under ambient
conditions and in the dark. Data acquisition was carried out
using SmartScan software (version 1.0) and XEI Data Processing
and Analysis software (version 4.3.0) Build2 (Park Systems
Corp). The NX20 equipment is supported by an Active Vibration
Isolation System (AVIS) model AVI-200S/LP (Table Stable Ltd).
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Table S1. Photoluminescence data of Piapa-carboxyiic S€Fi€s as colloids. Average lifetime, calculate as t,, = ZAT?
/ZAT; where 1; are the decay times and o; represents the amplitudes of the components, values obtained from
the fitted PL kinetic decay traces.

}\ a T c,d
Amine Carboxylic Acid (:rar:) DpP (;vs)
1 1-ADA Oleic acid 521 87 30
2 1-ADA Decanoic acid 523 81 47
3 1-ADA Octanoic acid 523 85 116
4 1-ADA Hexanoic acid 525 82 93
5 1-ADA Isobutanoic acid 526 78 181
6 1-ADA Propanoic acid 526 66 125
7 1-ADA 1-Adaman';i?§carboxyllc 522 72 78

3 PL maximum wavelength; °PL quantum vyield; ¢average lifetime, the PL
decays, registered at the PL peak maximum, were fitted with a
triexponential function of time.
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Figure S1. a) Absorption spectra; b) PL emission spectra and c) PL kinetic decay traces of CH3;NH;PbBr;
nanoparticles capped with 1-ADA and carboxylic acid. See details in table S1.
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Table S2. Photoluminescence data of the Paapa-carboxyiic S€ries as colloids

Amine Carboxylic Acid Amax® FWHM®P . Ta®

(nm) (nm) B (ns)
8 2-ADA Oleic acid 518 26 94 32
9 2-ADA Decanoic acid 521 26 94 76
10 2-ADA Octanoic acid 517 26 98 34
11 2-ADA Hexanoic acid 519 27 96 40
12 2-ADA Isobutanoic acid 519 27 95 50
13 2-ADA Propanoic acid 516 27 98 33

1_
14 2-ADA  Adamantanecarboxylic 516 26 97 41
acid

a PL peak maximum; °full width at half maximum; °PL emission quantum yield; %average
lifetime. The PL decays, registered at the PL peak maximum, were fitted with a triexponential
function of time.®
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Figure S2. a) Absorption spectra; b) PL emission spectra and c) PL kinetic decay traces of CH3;NH3;PbBr;
nanoparticles capped with 2-ADA and carboxylic acid. See details in table S2.
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Figure S3. Scanning electron Microscopy (SEM) images of: a) ITO coated Glass and b) P,apa-propanoic Nanoparticles
deposited on ITO coated Glass.
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ABSTRACT: A novel preparation of lead halide, CH;NH;PbBr;, perovskite
nanoparticle solid films from colloidal “naked” nanoparticles, that is, dispersible .
nanoparticles without any surfactant, is reported. The colloids are obtained by simply
adding potassium ions, whose counterions are both more lipophilic and less
coordinating than bromide ions, to the perovskite precursor solutions (CH;NH;Br/
PbBr, in dimethylformamide) following the reprecipitation strategy. The naked
nanoparticles exhibit a low tendency to aggregate in solution, and they effectively self- +
assembled on a substrate by centrifugation of the colloid, leading to homogeneous
nanoparticle solid films with arbitrary thickness. These results are expected to spur
further the interest in lead halide perovskites due to the new opportunities offered by
these films.

H INTRODUCTION of ammonium bromides, and different molar ratios between the
reagents have provided high control on their crystallization,

Lead halide perovskites, with the general chemical formula
composition, shape, size, and, consequently, on their optical

APbX;, where A is an organic or inorganic monovalent

cation—in particular methylammonium (CH;NH;*, MA), performance.” "
formamidinium (HC(NH,),"), and Cs*—and X is the halide The passivation of the perovskite nanoparticles with organic
anion (CI~, Br™, or I7), have been extensively studied mainly ligands hampers the preparation of conductive thin films, and
due to their exceptional optoelectronic properties.' > These are consequently there is an increasing interest in developing
attractive materials because of their ease of processability for strategies for synthesizing stable “naked” colloidal nano-
mass production, such as the preparation of conductive films particles. The synthesis of organic ligand-free CH3;NH;PbX;
from solutions of perovskite precursors. This strategy can colloids is challenging. An interesting two-step approach has
produce some weaknesses in the end product (polycrystallinity, recently been reported to prepare CH;NH,PbX; (X = Br, [,
structural, and chemical defects) and often suffers from a lack of and mixture of them) colloids of 100 nm to 1 ym, depending
reproducibility of the film morphology. on the nature of X. It consisted of the mixing of PbX, NPs of
Therefore, there is a great interest in the direct film tens of nanometers (prepared by laser ablation) with

preparation from colloidal perovskite nanoparticles (NPs), isopropanol solutions of CH;NH;X under vigorous sonication

aimed at high reproducibility of the film morphology as well as and mild heating.lé The detection in the PbX, NPs of excess of
improvement of their optoelectronic properties. There are

important challenges to be overcome for achieving those goals
in the case of lead halide perovskites: the preparation of organic
ligand-free perovskite NPs with a low tendency to aggregate in
solution and the efficient self-assembling of the perovskite NPs
on a substrate to lead to conductive NP solid films with
controlled thicknesses.

halide as well as carbon material, derived from the solvent
(iodobenzene or bromobenzene) decomposition under laser
ablation, was suggested to be responsible for the confinement
of the PbX, material to the nanometer scale.'” Whereas the
carbon materials did not prevent the formation of the hybrid
perovskite after addition of the methylammonium halide, the

CH,NH,PbBr; colloids were first reported in 2014, by using nanoparticle size drastically increased and perovskite particles
medium and long alkylammonium bromide as the organic of hundreds of nanometers were formed.
capping to confine the material to the nanometer scale and
enable their dispersibility in low-to-medium polar organic Received: December 23, 2017
solvents.® Since then, the variations in their preparation, use of Accepted: January 19, 2018
other ammonium bromides, ammonium carboxylates, instead Published: January 30, 2018
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Figure 1. (a) PXRD of MAP@K NPs deposited on quartz revealing its (001) orientation; inset: SEM image of MAP@K NP solid (scale bar: 500
mm). (b) Absorption and emission spectra of MAP@K colloid in ethyl acetate. (c) SEM image of MAP@Kp; (scale bar: 10 ym). (d) Absorption and

emission spectra of MAP@Kg;.

Our aim was to use a simple, one-step procedure to prepare
naked CH;NH;PbBr; colloidal NPs and assemble them in
conductive thin films. We devised that the colloids could be
directly prepared by using inorganic salts as the confinement
agents. We report here an easy preparation method of naked
CH;NH;PbBr; NPs by simply using an excess of CH;NH;Br in
the perovskite precursor solutions (CH;NH,Br/PbBr, in
dimethylformamide (DMF)) and a potassium salt, whose
counterion is both more lipophilic and less coordinating than
that of the bromide (specifically, hexafluorophosphate anion
PF4). The purpose was to replace the excess of CH;NH;" at
the CH;NH;PbBr; NP surface with K™ on the basis of the
higher enthalpy formation of KBr than that of CH;NH;Br
(-394 vs. —259 kJ/mol), with the final aim of producing
confined and stable NPs."*'? The NPs self-assembled on a
substrate under centrifugation of the colloids to lead to
homogeneous and conductive NP films.

B RESULTS AND DISCUSSION

The colloidal CH;NH;PbBr; methylammonium bromide
(MAP) NPs were prepared by using the reprecipitation
strategy.”'' In brief, a mixture of CH;NH,Br, KPF, and
PbBr, in DMF (2:2:1 CH;NH,Br/KPF,/PbBr, molar ratio)
was used as the precursor solution. An aliquot of this solution
was added dropwise to a moderately polar solvent (ethyl
acetate) under vigorous stirring to lead to a yellowish
dispersion (see details in the Materials and Methods). After
centrifugation, a luminescent yellow solid was separated and
was redispersed in ethyl acetate. The colloid was considerably
stable and took about 3 h for the complete precipitation of
NPs, which were easily redispersed by manual shaking.
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To determine the components of the NPs, both the solid and
the residual material after solvent evaporation of the super-
natant were dissolved in dimethyl sulfoxide (which reverted the
perovskite back into its precursors) and they were analyzed by
F NMR and 'H NMR (Figures S1 and S2). "’F NMR spectra
showed that all of the PF,~ anions were in the supernatant in
the form of two different salts. This was consistent with the
presence of KPF4 and CH;NH;PF; in the supernatant; in fact,
the '"H NMR spectrum of the supernatant showed signals
ascribed to the CH;NH;" cation.

The powder X-ray diffraction (PXRD) pattern of MAP,
Figure la, deposited on quartz by a centrifugal strategy™® (see
details below) confirmed the exclusive formation of cubic
CH;NH;PbBr; NPs with lattice diffraction peaks at 14.9, 30.1,
and 45.9° (weak), which can be assigned to the (001), (002),
and (003) crystallographic peaks; thus, the film displayed (001)
exclusive orientation.”’ > The estimated crystallite size,
calculated by Debye—Scherrer equation, was 69 + 2 nm. The
morphology of MAP was studied by scanning electron
microscopy (SEM); the images showed the formation of
cubic NPs (inset Figure la). The energy dispersive X-ray
spectrum (Figure S3) of the MAP deposited on glass
demonstrated the presence of K in the perovskite material,
and a K/Pb/Br molar ratio of 0.5:1:3.4 was calculated.
Therefore, the perovskite is capped with KBr.

The absorption and emission spectra of the colloidal MAP
NPs in ethyl acetate (Figure 1b) exhibited features of confined
material. Thus, the absorption and emission peaks were at
about 505 and 525 nm (full-width at half maximum, fwhm = 28
nm), respectively, considerably blue shifted compared to those
of bulk CH;NH;PbBr; (absorption peak at about 540 nm).

DOI: 10.1021/acsomega.7b02052
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Figure 2. (a) Top and (b) cross-sectional SEM image of MAP@K, (scale bar S ym and SO0 nm, respectively). (c, d) Topographical and conductive
AFM images of MAP@Ky, (bias = —1.5 V); image scale 5 ym X 5 ym. (e) Cross-sectional profile of height and current along the white line in
images (c) and (d). (f) I-V curve as a function of applied bias (+6 to —6 V) under dark conditions for grains market in the topographic AFM image

C.

The UV—visible maximum at 505 nm was attributed to the
exciton peak of the colloidal nanoparticles, whereas the
absorption observed above 550 nm could correspond to the
scattering of different-sized colloidal aggregates present in
solution and absent in the solid film.'"*® These data
corroborated that K* was on the nanoparticle surface;
otherwise, the partial substitution of CH;NH;" for K* in the
crystal structure would provoke a shift in the absorption peak to
the UV, among other changes.”® Consequently, these perov-
skite NPs were termed MAP@K NPs and used for solid film
preparation.

The formation of luminescent MAP@K colloids was also
observed when using toluene and chlorobenzene in their
preparation instead of ethyl acetate (emission peaks at ca. 527
and 525 nm for toluene and chlorobenzene, respectively, Figure
S4). However, the NPs remained dispersible for a shorter time
(less than 1 h). Therefore, only the stable colloid in ethyl
acetate was fully characterized. Photoluminescence (PL) of the
MAP@XK colloid in ethyl acetate exhibited a quantum yield
(Pp) of 17% and an average lifetime (7,,) of 29 ns, with a
short-lived component of 7, 3.4 ns (79%) and a long-lived
component of 7, 38 ns (21%).
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Control studies were performed to gain further insight into
the role of K* in the stability of the MAP@K NPs. The
synthesis of MAP colloids was carried out in the absence of
KPF4 under the same experimental conditions. An orange
colloidal dispersion, probably assisted by the excess of MA
(MA/PbBr,, 2:1), was obtained, but it exhibited a high
tendency to precipitate. After centrifugation, the orange pellet
could hardly be redispersed in ethyl acetate. In fact, the colloid
was stable for just S min, and the pellet precipitate was
observed at the bottom of the tube (Figure SS). The absorption
spectra of the MAP dispersion showed a poor absorption band
and high scattering; these features are typical of bulk MAP
material prepared using 1:1 MA/PbBr, molar ratio in the
absence of organic ligands.® These data demonstrated that K*
participated in the stabilization of the hybrid MAP@K NPs,
providing considerably stable colloids in a medium polar
solvent and preventing the collapse of NPs.

Attempts to prepare densely packed perovskite nanoparticle
solid films from the ethyl acetate MAP@K colloid were
addressed by using the centrifugal casting method.”® Briefly,
freshly prepared MAP@XK colloids in ethyl acetate were added
to a centrifugal tube with a glass substrate at the bottom, and
the sample was centrifuged for 7 min. Then, the supernatant

DOI: 10.1021/acsomega.7b02052
ACS Omega 2018, 3, 1298—1303
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was pipetted out and the MAP@K NP solid film on the glass
substrate (MAP@XKg,; see further details in the Materials and
Methods) was allowed to dry at room temperature under ethyl
acetate atmosphere. The SEM images showed that the film
coverage of the glass substrate was incomplete. Increase of the
particle concentration did not result in complete substrate
coverage (see MAP@Ky, in Figure S6 and details in the
Materials and Methods). Interestingly, a complete coverage of
the glass substrate was obtained by using a mixture of ethyl
acetate and toluene in the centrifugation step; see the SEM
image of the film, MAP@KG;, in Figure Ic. The film showed an
absorption peak at 526 nm and a narrow and slightly red-
shifted emission peak at 530 nm (fwhm = 30 nm) compared to
that of the MAP@K colloid in ethyl acetate (Figure 1b). The
film showed a @y of 7% and a 7,, of 97 ns, which fit to three
components (7; 8.1 ns (60%), 7, 40.2 ns (31%), and 7; 170.5
(9%)).”

The colloidal dispersion and solid film prepared from MAP@
K were stable for at least 1 month when stored in closed-amber
vials.

Conductive atomic force microscopy (c-AFM) measure-
ments were carried out in the dark using the PinPoint
conductive mode to study the local electronic properties and
morphology of an MAP@K NP solid film prepared by
centrifugal casting on indium tin oxide (ITO)*’-coated glass
(termed MAP@Kg,). Figure 2ab shows the top and cross-
sectional SEM images of MAP@Kg, and demonstrates the
formation of a densely packed nanoparticle solid film of 881 +
78 nm thickness (see the Materials and Methods and Figure S7
for further details).

The topographical image (area of 25 um?) of MAP@Kg,,
Figure 2, showed protrusions and depressions in the range of
+100 to —100 nm (average roughness of 75 nm). The contrast
c-AFM image (Figure 2d) revealed a spatial distribution of high
and low current magnitude regions, represented in red and
blue, respectively. The cross-sectional profile image of height
and current along the white line in the topographic and current
AFM image (Figure 2e) exhibits high magnitude current
domains, between —8.4 and 2.1 nA (average current magnitude
—0.447 nA). The c-AFM measurement showed that the vertical
current transport was heterogeneous on the nanometer scale, as
reported in c-AFM studies of CH;NH;PbX; films prepared by
spin-coating the solution of perovskite precursors.”*™>
Remarkably, the conductivity observed in MAP@Kp, was of
high magnitude.

The local dark current versus bias (I-V) of MAP@Kg,
(Figure 2d) was measured at specific locations from the
topographic AFM image, identified as round marks in Figure 2c
(bias at 6 to —6 V). The local I-V response exhibits a diode
behavior, greWOust observed for millimeter-sized MAPbBr,
cr)rstails.31"2 Thus, a linear ohmic region at low voltages, where
the traps are partially filled; a step-up in current at intermediate
voltages, where the traps are filled with injected carriers; and an
abrupt increase in current at high voltages, where the carriers
move freely, were observed (see curve 1 in Figure 2f). The high
conductive domains may be attributed to high-density regions
of NPs dispersed in the film with an effective electrical
connectivity between them. The charge transport was further
investigated at a larger scale by depositing the NP films onto
interdigitated indium tin oxide®” electrodes, with an electrode
gap of 20 ym (Figure S8a). The current density versus voltage
(J=V) curve in the dark shows current injection in both reverse
and forward bias, with current up to 100 nA at voltages as low
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as 5 V. The transport properties are comparable to those of a
polycrystalline MAPbBr; film obtained by direct spin-coating of
the precursor solution (Figure S8b). Interestingly, when
measuring the sample under 1 sun illumination, we observed
an increase in the current (up to SX) and a shift in the J-V
curve toward positive bias. The latter effect might originate
from a separation of the photogenerated electron—hole pairs.
However, considering that the device lacks charge selective
contacts and that no photovoltage can be observed under
illumination, the shift in the J—V characteristics is probably due
to the intrinsic photoconductivity of the perovskite film.

B CONCLUSIONS

In summary, we present here an easy preparation method of
colloidal stable naked CH;NH;PbBr; perovskites by adding a
potassium salt to the solution of perovskite precursors. The K*
cations on the NP surface stabilize the nanomaterial and the
colloid and enable the efficient assembly of nanoparticles on
substrates to lead to densely packed, semiconducting nano-
particle solid films.

B MATERIALS AND METHODS

Materials. Lead bromide (99.999%), methylamine (40% in
water), potassium hexafluorophosphate (>99%), bromidic acid,
and the solvents used were purchased from Sigma-Aldrich and
used as received. Methylammonium bromide (CH;NH;Br) was
synthesized by reaction of the corresponding amine in water/
HBr.

Synthesis of Colloidal MAP@K. The precursor solution
was prepared by mixing PbBr, (25 mg, 0.068 mmol), MABr
(15.3 mg, 0.14 mmol), and KPF4 (25 mg, 0.14 mmol) in 2.5
mL of dimethylformamide. The molar ratio between the
components PbBr,/MABr/KPFg was 1:2:2. Then, 100 uL was
added dropwise into 10 mL of ethyl acetate under vigorous
stirring. Immediately after, the yellowish reaction was
centrifuged at 7000 rpm for 7 min. The supernatant was
discarded, and the precipitate was redispersed in S mL of ethyl
acetate.

Preparation of MAP@Kg, NP Solid Film. Colloidal
MAP@K used for the preparation of NP solid films was
prepared following the above-mentioned method. The
precursor solution was prepared mixing PbBr, (25 mg, 0.068
mmol), MABr (15.3 mg, 0.14 mmol), and KPF, (25 mg, 0.14
mmol) in 2.5 mL of dimethylformamide. An aliquot, specifically
100 uL, of this solution was added dropwise into 10 mL of
ethyl acetate under vigorous stirring.

Then, the MAP@K colloid (10 mL) was added to a conical
centrifuge tube (50 mL), which had the glass slide substrate at
its bottom, and the mixture was centrifuged for 7 min at 8000
rpm. Finally, the supernatant was pipetted out and the glass
substrate with the deposited MAP@K was allowed to dry in
ethyl acetate atmosphere, at room temperature.

Preparation of MAP@KG,. The NP solid film was prepared
following the method described above for MAP@KG, but using
a mixture of two MAP@K colloids (10 mL each).

Preparation of MAP@KG;. The NP solid film was prepared
following the above-mentioned method for MAP@Kg, but
adding 10 mL of toluene to 20 mL of MAP@K colloid before
the centrifugation step.

Preparation of MAP@KG,. The NP solid film was prepared
following the above-mentioned method for MAP@Kg; but
using an ITO-glass-coated substrate.

DOI: 10.1021/acsomega.7b02052
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The glass substrates used were cleaned ultrasonically in
water-soap, demineralized water, and 2-propanol baths. Then,
they were dried under nitrogen and immediately placed into a
conic centrifugal tube. Centrifugation was carried out in an
Eppendorf Centrifuge 5804 R.

Preparation of Polycrystalline MAPbBr;. The precursor
solution was prepared mixing PbBr, and MABr (1:2 ratio,
respectively) in dimethylformamide to a total concentration of
100 mg/mL. The solution was spin-coated at 3000 rpm for 60
s. The as-prepared layers were annealed on a hot plate at 90 °C
for 30 min in a nitrogen atmosphere glovebox.

Optical Measurement. UV—visible spectra of the samples
were recorded using a quartz cuvette in a UV-—visible
spectrophotometer secoman Uvi Ligth XTS. The UV-vis
spectra of NP solid films were recorded in a JASCO V-670
spectrometer with a horizontal integrating sphere (PIV-757).
Steady-state PL spectra were measured on an Amnico
Browman series 2 Luminescence spectrometer, equipped with
a xenon lamp (150 W). AB2 software (version S.5) was used to
register the data. The photoluminescence (PL) quantum yields
of colloidal MAP@K (in ethyl acetate) and film were measured
using a Hamamatsu C9920-02 absolute PL quantum yield
measurement system with monochromatic light source (150
W) and integrating sphere. All of the data were acquired using
1 cm X 1 cm path length quartz cuvettes, at room temperature,
using an excitation wavelength of 365 nm.

PL decays were measured using a Compact fluorescence
lifetime spectrometer C11367, Quantaurus-Tau. Fluorescence
lifetime software U11487 was used to register the data. All of
the data of PL decay of perovskite dispersed in ethyl acetate
were acquired using 1 cm X 1 cm path length quartz cuvettes
and light-emitting diode excitation wavelength of 365 nm. The
PL decays of colloidal perovskite nanoparticles were fitted with
a triexponential function. The average lifetimes (7,,) were
calculated as 7,, = Y Ar>/ Y A, where 7; are the decay times
and a; represents the amplitudes of the components, values
obtained from the fitted PL kinetic decay traces.

Morphology Characterization. The layer thickness was
determined with a mechanical profilometer (Ambios XP-1).
Scanning electron microscope images of NP solid films were
obtained using a HITACHI S-4800 with a spotlight of field
emission gun. Images were acquired at 20 kV. Elemental
analysis was performed on HITACHI S-4800 equipped with
XFlash 5030 Bruker detector and acquisition software
QUANTAX 400. The PXRD analyses of NP solid films were
performed in powder diffractometer D8 Advance A25 model
Bruker, with a powder diffractometer 6—6 configuration, and X-
ray tubes on a lineal receiver Cu radiation. Plus DIFFRAC EVA
Data assessment program was used to register the data. The
diffracted intensities were recorded at room temperature from 5
to 80° 20 angles (step size of 0.02°).

Conductive Atomic Force Microscopy (c-AFM). The
topographic, current mapping, and I-V measurements of NP
solid film, MAP@Kg,, were registered in dark and at room
temperature, in atomic force microscope Park Systems NX20,
equipped with Pt—Ir-coated Si tips (CONTSCPt, diameter 7
nm) and using PinPoint conductive mode. The gentle PinPoint
mode allowed acquiring reproducible and reliable topography
and c-AFM images of the MAP@KG, film surface, instead of
contact mode. This PinPoint mode operates in an approach-
retract manner. Experimentally, the tip was approached over a
period of 2 ms to achieve an interaction force of 0.24 nN; the
force was held constant while the current was registered (2
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times) at 17 kHz. Then, the tip retracted over a period of 2 ms
and moved to the next pixel, Figure S7. The control height (set
to 0.1S ym) at constant force was also recorded to generate a
simultaneous topographic image. Different voltage biases were
applied (from +1.5 to +5.5 V) using a scan rate of 0.23 Hz.
The PinPoint mode is significantly different from the tapping
mode because the contact mode tip used is not oscillating and
the tip retracts and approaches each pixel rather than adjusting
the tip height to maintain a constant oscillation amplitude,
resulting in highly reproducible images. The current is
measured directly after the tip using a preamplifier with a
gain of 1011 V/A (ULCA). Data acquisition was carried out
using SmartScan software (version 1.0) and XEI Data
Processing and Analysis software (version 4.3.0) Build2 (Park
Systems Corp). The NX20 equipment is supported by active
vibration isolation system model AVI-200S/LP (Table Stable
Ltd). The I-V images were performed using a current
compliance of 10 nA and sample bias from +6 to —6 V with
a period of 1.0 s.

Lateral Transport Measurements. The substrates used
for these measurements were prepatterned interdigitated ITO
electrodes (Naranjosubstrates) coated on glass. The current
density—voltage (J—V) characteristics were obtained using a
Keithley 2400 source measure unit. The electrical character-
ization was performed in the dark and under illumination using
a solar simulator by Abet Technologies (model 10500 with an
AML.5G xenon lamp as the light source). The current density
was calculated taking into account the channel width and film
thickness.
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Colloids of naked CH;NH;PbBr; perovskite nanoparticles: synthesis,
stability and thin solid film deposition

Soranyel Gonzalez-Carrero’ Luciana C. Schmidt,™ Ignacio Rosa-Pardo,” Laura

Martinez-Sarti,” Michele Sessolo, ' Raquel E. Galian™" and Julia Pérez-Prieto™"

Figure S1. "’F NMR spectra of MAP@K NPs (a), supernatant (b) and S2
KPFs (c) in deuterated DMSO.
Figure S2. "H NMR spectra of MAP@K (a) and supernatant (b) in S3

deuterated DMSO. The signal marked with an asterisk corresponds to CH3
signals of CH3;NH;".

Figure S3. Energy dispersive X-ray spectrum of MAP@K NP solid film. | S4
Figure S4. Absorption and emission spectra of colloidal MAP@K NPs S5

synthesized in toluene (a) and chlorobenzene (b).
Figure S5. (a) Absorption spectra of colloidal MAP@K and MAP bulk in | S6
ethyl acetate. Photos of colloidal MAP@K (yellow) and MAP bulk

(orange) dispersions taken immediately (b) and 5 minutes (c) after their
redispersion in ethyl acetate.

Figure S6. SEM images of MAP@K¢, (a) and MAP@KGg; (b). Scale bar | S7

10 pm.

Figure S7. Simplified diagram of conductive AFM in PinPoint conductive | S8

mode.

Figure S8. J-V curves measured in the dark and under 1 sun illumination | S9
for (a) a 400 nm thick perovskite NPs film and (b) a 90 thick
polycrystalline MAPbBr3 layer, both deposited onto interdigitated ITO
electrodes (gap 20 pm).
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Figure S1. F NMR spectra of MAP@K NPs (a), supernatant (b) and KPF¢ (c) in
deuterated DMSO. It has to be taking into account that under these conditions the

perovskite reverts back into its precursors.
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Figure S2. 'H NMR spectra of MAP@K (a) and supernatant (b) in deuterated DMSO.

The signal marked with an asterisk corresponds to CHj signals of CH;NH;". It has to be

taking into account that under these conditions the perovskite reverts back into its

precursors.
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Figure S3. Energy dispersive X-ray spectrum of MAP@K NP solid film.
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Figure S4. Absorption and emission spectra of colloidal MAP@XK NPs synthesized in

toluene (a) and chlorobenzene (b).
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Figure S5. (a) Absorption spectra of colloidal MAP@K and MAP bulk in ethyl acetate.
Images of colloidal MAP@K (yellow) and MAP (orange) dispersions taken (b)

immediately and (c) 5 minutes after their redispersion in ethyl acetate.
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Figure S6. SEM images of MAP@KGy; (a) and MAP@KGg; (b). Scale bar 10 pm.
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Figure S7. Simplified diagram of conductive AFM in PinPoint conductive mode,
which the tip approach to the surface of the sample until a predefined threshold point is

reached and then retract at each pixel point.
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Figure S8. J-V curves measured in the dark and under 1 sun illumination for (a) a 400
nm thick perovskite NPs film and (b) a 90 thick polycrystalline MAPbBr3 layer, both
deposited onto interdigitated ITO electrodes (gap 20 um). Blue symbols indicate dark
measurements while the red symbols correspond to J-V curves recorded under

illumination.
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List of Abbreviation

A

AD Adamantylammonium

ADA Adamantylamine

ADBr Adamantylammonium bromide

AFM Atomic force microscopy

ATR-FTIR Attenuated Total Reflection-Fourier Transform Infrared
spectroscopy

B

BmPyPhB 1,3-bis[3,5-di(pyridin-3-yl)phenyl]benzene

C

CB Cucurbit[7]uril

E

EA Ethylammonium

EABr Ethylammonium bromide

Eg Exciton binding energy

EL Electroluminescence

F

FFT Fast fourier transform

FTO Fluorine doped Tin Oxide

fwhm Full width at half maximum

H

HA Hexylammonium

HABTr Hexylammonium bromide

HOIP Hybrid organic-inorganic metal halide perovskites

HRTEM High resolution transmission electron microscopy

|

ITO Indium tin oxide

J

LARP Ligand assisted re-precipitation method

LED Light-emitting diode

Aem Emission wavelength

Aexc Excitation wavelength

M

MA Methylammonium

N

NMR Nuclear Magnetic Resonance
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List of Abbreviation

OA
OABr
ODA
ODABr
ODE
OLA

P

P

PCE
PEDOT:PSS
PL
PLQY
pTPD
PXRD
R

RMS

S

SEM
SPPO13
T

Tav
TEM
TGA

UV-vis

XPS

Octylammonium
Octylammonium bromide
Octadecylammonium
Octadecylammonium bromide
1-Octadecene

Oleic acid

Perovskite

Power conversion efficiency
Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
Photoluminescence

Photoluminescence Quantum Yield
Poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)-benzidine
Powder X-ray diffraction

Root mean square roughness

Scanning Electron Microscopy
2,7-bis(diphenylphosphoryl)-9,9'-spirobi[fluorene]

Average photoluminescence Lifetime
Transmission electron microscopy
Thermogravimetric Analysis

Ultraviolet-visible

X-ray photoelectron spectroscopy
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