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ABSTRACT: Ruddlesden-Popper organic lead halides
(RPOLHS) are in the material science spotlight due to their
remarkable optoelectronic properties, tailorable composi-
tions and improved ambient stability over their three-
dimensional perovskite analogues. In this report, we intro-
duce a new synthesis method for RPOLHs with general com-
position L,[FAPbL],.Pbl, (L = butylammonium (BA) or ben-
zylammonium (BZA), FA = formamidinium, and n=1 and 2).
Our method yields polycrystalline materials useful for thin-
film fabrication for optoelectronics. Furthermore, we report
the growth dynamics of BA,[FAPbL]PbI, using in situ small
angle X-ray scattering, revealing that the slabs grow within
the first seconds of the reaction, and then self-assemble into
bulk crystallites.

INTRODUCTION

With the recent rise in perovskite-based optoelectronic
devices, many scientific achievements have been report-
ed, comprising the many facets of these materials and the
challenges to their application.”” Among the lead halide
perovskites (LHPs), Ruddlesden-Popper organic lead
halides (RPOLHs), an analogue class of materials (com-
monly referred to as 2D-perovskites), are gaining increas-
ing interest. In comparison with their 3D LHP analogues,
RPOLHs present higher ambient stability and wider com-
positional variability. Recently, RPOLHs have been ap-
plied to passivate perovskite solar cells,”® and the pure
RPOLH-based solar cells have achieved up to 16.5% effi-
ciency’ and excellent ambient stability.”™ Additionally,
these materials have been applied in efficient LEDs®** and
photodetector.”

A RPOLH crystalline phase can be visualized as a sliced
3D LHP along the crystallographic direction [ool] (or
orthogonal coordinates).®” If the A-site cation is too
large to fit in the cuboctahedral site of a LHP, it sits as a
bridge, separating the planes perpendicular to the [00l]
direction (Figure 1). The final structure is an assembly of
[PbXs]* octahedron slabs sandwiched between a bilayer
of organic cationic species. This organic bilayer imparts
enhanced stability of the optoelectronic devices, since it
hinders the diffusion of water into the crystal lattice.*®"

The chemical formula of a RPOLH is written as
L,[APbX;]..,Pbl,; where, n is the number of octahedron
layers in a single slab; L is a cationic species, usually an
alkylammonium; A is the cation of the corresponding
APbX; LHP; and X is a halide. Therefore, depending on
the value of n, these materials may present anisotropic
quantum-confinement of the optical excitations. ™
Moreover, RPOLHs present compositional dependence of
the bandgap energy, which increases as the composition
varies from iodide to chloride. Because of these properties
and the tailorable composition, RPOLHs are promising
materials for next generation optoelectronics.”**

The preparation of RPOLHs is largely restricted to
three classic approaches: spin-coating from precursor
solutions directly onto a substrate;*>*>>* single crystal
growth in highly acidic solutions (concentrated HX);****
or colloidal nanocrystals (NCs) in the presence of long-
chain capping ligands.3*3* Although these three methods
are highly important in different circumstances and uses,
they present some drawbacks and limitations. For in-
stance, thin films fabricated directly from precursor solu-
tions limits control over the thickness of the phases (i.e.,



the values of n).”® By contrast, single crystal growth al-
lows a finer control over the thickness of the slabs; how-
ever, these synthetic methods are rather expensive and
aggressive. To date, NCs of these materials exhibit poor
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Figure 1. Illustration of the three different RPOLHs in this
work a) BA,Pbl,, b) BA,[FAPbLIPbl,, and «c)
BZA,[FAPBL]PbI,.

stability and difficult processability; during the process of
purification, they easily degrade due to ligand
removal **° Therefore, other preparation methods, allow-
ing easy processability and thin-film fabrication, are de-
sirable.

In this work, we present a new strategy for low-
temperature, solution-process synthesis of polycrystalline
L,[FAPbL],.,Pbl, materials; where, FA = [CH(NH,),]"
(formamidinium), L = n-butylammonium (BA = C,H,-
NH;") or benzylammonium (BZA = C¢H,-CH,-NH;"), and
n is 1 and 2. These materials can be easily processed for
thin-film fabrication, making them suitable for optoelec-
tronic applications. Some reports describe the prepara-
tion of thin-films by dissolving single crystals and spin-
casting their solutions; two of which apply them to effi-
cient optoelectronic devices."'**" Our synthesis allows the
same fabrication approach, without the need of the de-
manding single-crystal synthesis.

Additionally, we present important aspects of the
growth dynamics of the BA,[FAPbL|Pbl, material using in
situ small angle X-ray scattering. Our findings shed light
on the growth mechanism of this type of layered lead
halide materials in solution and may be extended to a
more general comprehension of the growth dynamics of
analogue materials.

SYNTHESIS

Briefly, the synthesis of these materials consists of a rapid
mixture of two solutions: a toluene solution of Pbl, with
butyric acid and the corresponding amine, and a toluene
solution of FA-acetate (for n=2 materials) or butylammo-
nium iodide, both with butyric acid. Upon the mixture of
these solutions, the solid materials are readily formed,
except for the butylamine-based one that requires heat
(70 °C) - see Supplementary Material for details. For sim-
plicity, the solid with n=1 will be denoted as BA-1 (Figure
1a), and the other two materials with n=2 will be denoted
as BA-2 and BZA-2 (Figures 1b and 1c, respectively).

In general, this synthetic approach of RPOLHs relies
on the high excess of ammonium cations relative to lead
iodide and/or formamidinium (25-fold amine excess). To
assure the formation of ammonium species, we use a large
ratio acid:amine (4:1 v/v, respectively). The high concen-
tration of ammonium species grants the conditions for an
anisotropic growth of the RPOLHs, as observed in previ-
ous reports.** The mechanism for this anisotropic
growth is not fully understood; we herein use in situ small
angle X-ray scattering (SAXS) measurements to elucidate
aspects of these growth dynamics.

Briefly, we probed the reaction as it took place in
beamline 1-5 at SSRL; we collected data before and after
the mixture of the two precursor solutions of BA-2. Fig-
ures 2a, 2b, and 2¢ show the real-time SAXS data collected
during this reaction. The injection of FA-solution lasted
less than 1 second, and it took place between 3 - 5 seconds
of data collection (gray and purple curves in Figure 2a).
Hence, in the first 5 seconds of collection, all the precur-
sors were already present in the reactor. In the following
10 seconds, the scattering intensity continues to increase
until it reaches its maximum (quadrant 1 in Figure 2a);
concomitantly, the scattering intensity coming from
higher Q values decreases at approximately the same rate
(quadrant 2 in Figure 2a). We attribute these changes to
the growth of BA,[FAPbL]PbI, slabs and consumption of
the reaction precursors, respectively. Interestingly, be-
tween 10 - 15 seconds, the slabs start to stack, and a dis-
crete diffraction peak emerges with the maximum at 0.29
A (Figure 2a - cyan curve). In the next 40 minutes of
reaction, this diffraction peak sharpens, shifting the max-
imum to 0.32 A”, and its intensity rises (Figures 2b and
20).

From these SAXS data, we observe that the BA-2 slabs
form within the first 10 seconds and, in the sequence, the
slabs self-assemble into the bulk material. The excess of
ammonium cations allows a fast, anisotropic growth of
the layers. The diffraction peak in the position 0.32 A™
comes from the planes {020} of the bulk BA-2 material (d
=19.6 A), confirmed by powder X-ray diffraction (PXRD)
- in Figure 3b. In a simplistic view, the peak width is in-
versely proportional to the crystallite size,”” and so we
estimate the rate of the self-assembly of the platelets from
analyzing the full-width-at-half-maximum (FWHM)
sharpening as a function of time. The variation of the
FWHM with time follows the equation:



conditions: under white light, UV-light (365 nm), and
. — L 1 | | ! |
©im1-20 3.0 - L
. oimi- . i i -6~ iml-40 -6~ im1-40
1 . oims{c-’?oo t %, Aging 40 minutes 271, 28- -6~ imd1-80 c L
. im101-150 a8 -6~ im81-120 -6 im81-120
. im151-200 B% & im121-160 26 -6~ imi21160 L
1 . im201250 £ 1004g% iml61200 | im161-200
. . 0im251-300 | im201-240 2.4 im201-240 L
) N & im241-280 ~ ~6- im241-280
E Fisrt 30 seconds E im281-320 5224 mggég L
N i = N im321-360 ) im321-
s 50images=5s s - im361-400 >0 —&- im361-400 |
2 ‘2 1curve = 40 images =200s| ¢
£ 2 210+ L 8
= EEY £ 18- -
X
: T T T T

3 T
0.1
Scattering Vector QCA™)

0.005 LL L 1 1 L
0 500 1000 1500 2000

Tima ()

“on
Scattering Vector Q(A™)

Right After Injection

0.30 0.32 0.34 0.36

Scattering Vector Q(A'1)

Self-Assemble of the Slabs

@=rb> ®=I
@ = formamidinium

Formation of Individual Slabs (-10 s) & = butylammonium

Figure 2. Real-time SAXS data from the BA-2 reaction a) SAXS curves of the first 30 seconds of the reaction; b) SAXS curves of
the following 40 minutes of the reaction; c¢) the diffraction peak from b emphasized; d) the FWHM as a function of time; and e)

general scheme of the formation mechanism of BA-2.

_d(FWHM)

=k.(FWHM
o (FWHM),

whose solution is a monoexponential decay with a rate k.
This relation is depicted in Figure 2d, and the rate calcu-
lated from the fitting was 2.6x10> + 0.5x10° 5™

With this rate we were able to demonstrate that it
takes the stacking of two slabs ca. 6 s (see Supporting
Material for details). Figure 2e summarizes the growth
mechanism of BA-2. Although the formation of the slabs
is fast, their self-assembly is slow and extends through the
next 40 minutes of reaction. Finally, the shift in the max-
imum of the diffraction indicates that, in the beginning,
some solvent molecules might be intercalated in between
slabs; as the crystal grows, it excludes these molecules
from the structure, shifting the diffraction to higher Q
value (smaller d-spacing).

An important aspect to consider regarding this synthe-
sis is the possibility of formation of thicker QW-phases in
the n=2 materials (i.e., n>2), since they form in solution
with no stoichiometric amounts of their components.
However, we only observe these higher n-phases in the
PXRD pattern of BZA-2 (Figure 3¢). For BA-2, SAXS and
PXRD data show only diffractions from the n=2 phase.
Nonetheless, higher n-phases in small domains, undetect-
able from PXRD, cannot be ruled out.

To verify post-synthetic formation of higher n-phases
while mimicking ambient effects, we collected several
diffraction patterns of the powder BA-2 in three different

temperature (see Supporting Figure 1). Under illumina-
tion conditions, we observed no changes in the XRD pat-
terns, nor the surgency of any other n-phase (Supporting
Figures 1b and 1c). More surprising, we could not observe
changes in the sample under heat until 120 °C, revealing a
surprising thermal stability. The only difference observed
was a shift of the diffractions due to thermal dilatation
(Supporting Figure 1d).

To further assess the thermal stability of these materi-
als, we carried out thermogravimetric analysis (TGA),
depicted in Supporting Figure 2. In short, the organic
moieties are not easily lost in these materials (not before
~200 °C). Therefore, we expect that higher n-phases, both
in BA-2 and BZA-2, come mostly from the synthesis, ra-
ther than from amine or iodine loss in ambient condi-
tions.

STRUCTURAL AND OPTICAL CHARACTERIZATION

Figure 3 shows the synchrotron based PXRD of the three
materials along with the results from the Rietveld refine-
ment. The PXRD data of BA-1 and BA-2 (Figures 3a and
3b, respectively) present strong correlation with their
Rietveld refinements without adding any other potential
contaminant phases (e.g., Pbl, and other higher n-
phases). Even when accounting these contaminants,
for both materials, the refinements yielded only trace
amounts of Pbl, in BA-1 (<0.01% in mol). For BZA-2,
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Figure 3. Synchrotron-based PXRD along with their respec-
tive Rietveld refinement curves (black) and residual plot
from the refinement (blue) augmented four times of a) BA-1,
b) BA-2, and ¢) BZA-2.

refinement using pure phase BZA-2 was not satisfac-
tory (the asterisks in Figure 3¢ show peaks from other
phases). For a stronger correlation, we needed to consid-
er other n-phases (n from 1 - 5), Pbl,, and FAPbI,. The
resulting composition obtained was as follows: BZA-2 =
0.66; Pbl, = 0.5; BZA-1 (n=1) = 0.10; and BZA-4 (n=4) =
0.084 (molar fraction). These other materials found in
BZA-2 powder form most likely due to its rougher for-
mation pathway. During the synthesis, upon the mixture
of the two precursor solutions, a dark brown solid is
formed; as this suspension is heated at 70 °C, it slowly
turns into the red BZA-2 (see Supporting Figure 3).

For benchtop-PXRD measurements, these materials
orient as one presses them on the sample holder. Hence,
the generated diffraction patterns present highly intense
Bragg reflections of the parallel planes along the [ool]

direction ([oko] direction for BA-2) - see Supporting Fig-
ure 4. This orientation occurs due to the plaque-like mor-
phology of the RPOLHs (Supporting Figure 5).

The absorption, measured by reflectance, and photo-
luminescence (PL) spectra, as well as the corresponding
Tauc plots, of the three materials are depicted in Support-
ing Figure 6. The optical bandgap determined from the
Tauc plots were as follows: BA-1 = 2.30 eV, BA-2 = 2.08 eV,
and BZA-2 = 2.06 eV (Supporting Figures 3b, 3d, and 3f,
respectively). BA-1 presents a sharp emission band at 520
nm that is characteristic of a free-exciton emission, pre-
senting nearly no Stokes-shift from the absorption
edge (Supporting Figure 3a).”** The other wider
band, with maximum at 545 nm, is quite unusual, and
is similar to the single crystal emission reported by
Mitzi.* BA-2 also presents two bands: the free-
excitonic emission (579 nm) and a lower energy one
(Supporting Figure 3c). This lower energy band at 609
nm is consistent with a QW with n=3."* It is important
to highlight the fact that thicker QWs, even in small con-
centrations, can effectively appear in the PL due to energy
transfer from the thinner ones. In BA-2, it seems to be
the case, although we do not observe any evidence of n=3
phases in its PXRD. BZA-2 presents an absorption spec-
trum very similar to BA-2, but its PL is highly affected by
its impurities. The PL of BZA-2 clearly shows emissions
from higher n-phases; in addition, this material also pre-
sents an emission band that is likely to be from self-
trapped excitons (760 nm broad band), as previously
observed for similar materials.>*>*°

Lastly, the thin-film properties of the three materials
are quite similar to their powders (see Supporting Infor-
mation for thin-film fabrication). BA-1 thin-film is highly
emissive and shows the same optical features of the pow-
der, except for the lower energy band in 545 nm (Support-
ing Figure 7a). BA-2 thin film (Supporting Figure 7b) is
also emissive and shows similarities to the powder, with
the second emission band shifted to lower energies (from
609 to 628 nm). The BZA-2 thin film (Supporting Figure
7¢) presents the same features of the powder.

CONCLUSIONS

In this work, we present an alternative synthesis to pre-
pare polycrystalline RPOLHs. The simplicity of the syn-
thesis and the absence of high boiling point solvents grant
the easy processability of the products, making them
cheap and appealing materials for optoelectronic applica-
tions. Furthermore, this method allows the preparation of
other similar materials with a plethora of other composi-
tions for future works (e.g., other organic acids, different
organic spacers (amines), different A- and B-site cations,
and other halogens). This synthetic approach can be used
for thin-films fabrication for optoelectronic applications.
Our results with SAXS measurements reveal that, for
BA-2, the [PbX¢]* octahedron slabs forms in the first
seconds of the reaction, and then they self-assemble into
bulk RPOLH crystallites. For the benzylamine-based ma-



terial, the growth dynamics is different, and it requires
heat (70 °C). This difference is probably due to the steric
hinderance caused by the aromatic backbone of ben-
zylammonium cations; this observation might apply to
other aromatic amines such as phenylethylamine (PEA) in
a similar solution process synthesis.
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