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Abstract: Controlling the morphology of organolead
halide perovskite crystals is crucial to a fundamental un-
derstanding of the materials and to tune their properties
for device applications. Here, we report a facile solution-
based method for morphology-controlled synthesis of
rod-like and plate-like organolead halide perovskite nano-
crystals using binary capping agents. The morphology
control is likely due to an interplay between surface bind-
ing kinetics of the two capping agents at different crystal
facets. By high-resolution scanning transmission electron
microscopy, we show that the obtained nanocrystals are
monocrystalline. Moreover, long photoluminescence
decay times of the nanocrystals indicate long charge diffu-
sion lengths and low trap/defect densities. Our results
pave the way for large-scale solution synthesis of organo-
lead halide perovskite nanocrystals with controlled mor-

phology for future device applications.
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Organolead halide perovskites (OHP) attract a lot of attention
in the field of solar energy conversion because of their high
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absorption coefficient at visible wavelengths and long-range
electron-hole diffusion. Planar perovskite-based photovoltaic
devices consist of a thin perovskite layer, CH;NH;PbX; (X=Cl,
Br, 1), deposited between conductive scaffolds and exhibit
power conversion efficiencies exceeding 20%.™? The crystallin-
ity and morphology of the perovskite layer are known to be
crucial as they influence the charge carrier dynamics, converse-
ly having a significant impact on their microscopic proper-
ties™ ¥ and their device performance.”® The conventional con-
tinuous perovskite films prepared by thermal annealing display
large variations in grain morphology as well as in their local
chemical composition. Moreover, the generally encountered
high defect density in a polycrystalline film is detrimental for
the charge carrier dynamics.”'" Potential improvement is of-
fered by the use of monocrystalline OHP nanocrystals (NCs).
Particularly, solution-processed synthesis methods yielding
high-quality monocrystalline OHP crystals could form the cor-
nerstone of fundamental studies or large-scale application in
perovskite-based devices. On the one hand, the charge carrier
mobility of single crystals is better than that of polycrystalline
films.">"® On the other hand, the morphology of the crystals
has a strong influence over the material properties. For in-
stance, surfaces are known to host higher densities of traps
and play important roles in determining the material proper-
ties.®*'¥ Therefore, the surface-to-volume ratios of nanocrys-
tals can greatly influence the trap-assisted processes in the
material.

Analogous to metal and metal oxide nanoparticle forma-
tion,"*'"! oriented attachment of the capping agent to a partic-
ular facet plays an important role in controlling the morpholo-
gy. Hence, anisotropic crystal growth can be promoted by forc-
ing further delivery of precursor reagents along the perpendic-
ular axis."®'? On the other hand, the ligand layer can physically
block the delivery of new precursor reagents. These thermody-
namic, kinetic and steric factors are widely used for synthesis
of NCs with anisotropic shapes.”®?" Likewise, the use of cap-
ping ligands is promising for crystal morphology control in
OHP colloidal synthesis.

So far, there are only a few reports on ligand-assisted solu-
tion synthesis of colloidal methylammonium lead halide
(MAPbX;) NCs of nanowires, rods, sheets and quantum dot-like
particles.”?® Vybornyi et al.””? demonstrated the synthesis of
MAPbX; nanocubes, nanowires and nanoplates, exclusively
conducted in the nonpolar solvent 1-octadecene in the pres-
ence of oleylamine (OAm) and oleic acid (OAc). After purifica-
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tion, however, the obtained perovskite nanostructures quickly
aggregated. Pathak etal.®™ and Aharon etal."® synthesized
mixed halide OHP NCs using octylamine and OAc. In their pro-
cedure, a certain fraction of methylammonium halide was re-
placed by octylammonium halide, which strongly attached to
the perovskite surface. Nevertheless, the existing methods
often suffer from (i) strong inhomogeneity in sizes and shape
of the NCs and (i) poor stability in suspension after
pUriﬁcation.“9'22_25'27'28]

Herein, we demonstrate morphology-controlled synthesis of
MAPDbI; NCs using oleic acid (OAc) and oleylamine (OAm) as
capping ligands. The resulting OHP NCs are stable in suspen-
sion for a few weeks in the dark. Briefly, the lead iodide (Pbl,)
and methylammonium iodide (MAI) precursor solution in ace-
tonitrile is injected into the toluene solution containing the
capping agents under vigorous stirring. Upon mixing, the solu-
tion shows an immediate color change from transparent to
red, indicating formation of methyl ammonium lead iodide
(MAPDI;) perovskite nuclei. Further growth of these nuclei is
driven by further precipitation of the precursor reagents by ad-
dition of an extra volume of toluene in a second step. After
stirring for four hours, a dark brown suspension of perovskite
NCs in toluene is obtained. The suspension is then centrifuged
and washed with toluene to remove the excess of capping
agents and unreacted precursors. This procedure is schemati-
cally represented in Figure S1 in the Supporting Information.
The suspension of OHP NCs is stable for months in dark at
room temperature, as revealed by scanning electron microsco-
py (SEM) and photoluminescence (PL) spectroscopy.

Morphology control of NCs in such a synthesis protocol is
highly dependent on the ratio of the binary capping agents,
but is less sensitive to the volume of toluene added in the
second step or to the reaction temperature (Figure S2-S3). On
the one hand, the presence of OAm is essential for guiding the
anisotropic growth of NCs; it has been suggested that alkylam-
monium compounds interact via their amine terminal with
bromide at the crystal surface of perovskite structures via
[Br...H—N"1 hydrogen bridges, while the hydrocarbon tail is di-
rected away from the surface.3 It is likely that OAm has
a preferred binding affinity to certain crystal facets. OAc, on
the other hand, plays an important role in the OHP NCs stabili-
zation in suspension (Figure S4). Eventually, in the non-polar
toluene suspension, the final composition of the capping
ligand layer is presumed to obey electrostatic neutrality. In the
following sections, we investigate the impact of the binary
capping agents on shape and size distribution of MAPbI; NCs
by varying capping agent and precursor concentrations.

Influence of OAm and OAc amounts: For rod-like NCs, the
effects of solution compositional changes were first checked
by varying the amount of OAm while keeping the amounts of
OAc and precursors fixed (OAc/Pbl, mol ratio of 1, both
0.02 mmol). In these series, mainly rod-like NCs were obtained
as shown in the SEM images in Figure 1a-c. Below an OAm/
Pbl, ratio 0.75 (14.9 pmol of OAm), the average length of the
rods is 400-600 nm (Figure 1d). With higher OAm/Pbl, ratios
above 0.75, the rods become longer in their longitudinal axis
(up to an average length of 2 um). For all the tested combina-
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Figure 1. (a-c) Representative SEM images of MAPbIl; NCs obtained after in-
creasing the amount of OAm capping agent with a fixed molar ratio of OAc/
Pbl, 1. (d) NC average dimensions and aspect ratio versus the added volume
of OAm; error bars indicate the standard deviation.

tions, the NC width does not change notably, ranging between
60 and 100 nm. Figure 1d displays the correlation of nanorod
aspect ratios and OAm concentrations, demonstrating direct
control over the aspect ratio simply by varying OAm concen-
trations. This observation is most likely due to the preferential
adsorption of OAm to certain crystal facets, resulting in crystal
growth along the direction with lower packing density.!'®'93"
However, we can hardly identify the exact facets on which
OAm has a higher binding affinity in this study. A further in-
crease of the OAm/Pbl, molar ratio to more than 2 does not
result in higher aspect ratios. Instead, their average lengths
and relative aspect ratios slightly decrease after reaching a max-
imum value, presumably due to steric hindrance of the ligands
adsorbed to the crystal surface.

In reaction mixtures with a fixed OAm/Pbl, molar ratio of
0.33 and OAc/ Pbl, molar ratios below 2 (8.9 umol-23.8 pmol
OAc, volume 2.8 uL-7.5 uL), rods with dimensions of 400-
560 nm x 50-70 nm were obtained. Increasing the OAc amount
to an OAc/ Pbl, ratio of 6.68, the morphology shifts to smaller
rods and eventually to plates.

With a lower precursor amount (Pbl, 4.7 mg, 0.01 mmol) and
an increased OAc/Pbl, molar ratio of 6.68, plate-like NCs were
obtained irrespective of the amount of OAm. Increasing the
OAm/Pbl, molar ratio from 0.3 to 1.4 does not greatly influ-
ence the average lateral sizes of the plates ranging from
260 nmx 160 nm to 340 nm X200 nm (Figure 2). Among these
samples, only a 6% increase in the aspect ratio has been ob-
served (Figure 2).

These findings clearly indicate that a prominent presence of
OAc overwhelms the anisotropic growth guided by OAm,
which can be explained by the strong nucleophilic nature of
the ligands. Negatively charged oleic acid is supposed to form
a relatively strong metal-ligand chelate when binding to the
surface lead atoms of perovskite crystals.?>*? As a result, the
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Figure 2. (a—c) Representative SEM images of MAPbI; NCs obtained after in-
creasing the OAm concentration with a fixed molar ratio OAc/Pbl, 6.68.

(d) NC average dimensions and the aspect ratio in function of the added
volume of OAm; error bars indicate the standard deviation.

surface binding of OAc to OHP can be less facet selective.
Thus, morphology control of OHP NCs in this synthesis
method is achieved by tuning the surface binding kinetics of
both capping agents, OAm and OAc.

A simultaneous increase in concentration of both capping li-
gands results in a slight increase in the NCs lengths (Figure S5),
indicating that the molar ratio between capping agents and
precursors also influences the final morphology of NCs.

Further increases in the precursor amount more than
0.02 mmol (Pbl, 9.4 mg) did not lead to larger rod-like or plate-
like NCs, which is most likely due to higher nucleation rates at
higher precursor concentrations. In this case, increased
amounts of precursors result in broadly dispersed samples con-
sisting of a high fraction of small-sized MAPbl; NCs and often
aggregates.

It is noteworthy that the choice of solvents is also critical for
the morphology control, which is also noticed by other re-
ports.”2?! Different solvent pairs were tested, such as dime-
thylformamide, dimethylsulfoxide, y-butyrolactone. However,
we found acetonitrile to yield the best morphology control
with high yields, 80% for nanorods and nanowires (Figure S6),
96 % for nanoplates. This is most likely due to the different po-
larity of the solvents.

High-resolution  transmission electron  microscopy
(HRTEM), X-ray diffraction (XRD), and photoluminescence
(PL): Besides the ability to control NC morphology in solution
synthesis, the binary capping agents also help to yield high
quality monocrystalline NCs, as is evident from HRTEM meas-
urements. Figure 3a presents a high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
image of such a MAPbI; NC. As the NCs are extremely sensitive
to the electron beam (Figure $9-511),'%%>33 a relatively low
electron dose was applied, which leads to a low signal-to-noise
ratio (SNR) in a single HAADF-STEM image (Figure 3a). To im-
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Figure 3. (a) High-resolution HAADF-STEM image of a MAPbl; NC which was
acquired with a low electron dose. (b) The quality of the selected template
is hampered by the low SNR. (c) After template-matching, the atomic ar-
rangement of the NC is resolved in the averaged template. The lattice pa-
rameter is approximately 6.4 A. (d) XRD pattern of the solution-processed
perovskite NCs compared to that of a thermal annealed film. (e) PL decay
times of a thermal annealed film and of the prepared MAPbI; NCs.

prove the SNR, the HAADF-STEM images are statistically aver-
aged using a template-matching procedure, similar as that
used in a previous report.®¥ In this template-matching routine,
specific regions are searched for in a given image that corre-
spond to a template, which leads to an averaged template
image with an improved SNR. In Figure 3b, the template is
shown from which a proper analysis is hampered by the low
SNR. After applying the template-matching procedure, the per-
ovskite lattice is clearly visible in the averaged template in Fig-
ure 3c. The averaged template image shows that the synthe-
sized NCs have a crystalline structure with a lattice parameter
of approximately 6.4 A. STEM measurements show that the
synthesized nanocrystals are monocrystalline. The chemical
composition can be reflected in their energy dispersive X-ray
(EDX) spectroscopic data and EDX mapping results can be con-
sulted in the Supporting Information, Figures S9 and S10.

A typical bulk XRD pattern of the synthesized OHP NCs is
shown in the upper panel of Figure 3d, which resembles that
of a thermal annealed film depicted in the lower panel.

PL of OHP NCs is an indication for local charge dynamics,
and thus for the crystal quality.”'>'33* PL decay of NCs can be
well-fitted with a stretched exponential function with a charac-
teristic time of 66 ns, as depicted in Figure 3e. This value is 10
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times larger than that typically obtained for polycrystalline
films (6.2 ns). The longer decay times indicate longer charge
carrier diffusion lengths and thus lower trap/defect densities.
Repeated SEM, XRD and PL measurements have shown that
the crystals in suspension remained stable for months when
stored in dark at room temperature (Figure S12 and S13).

In summary, we have demonstrated a facile two-step all-so-
lution synthesis of MAPbl; NC with controllable morphology
by employing the binary capping agents OAm and OAc. In this
study, we systematically investigated the role of OAm and OAc
in controlling NCs morphology. By varying the molar ratios of
both capping agents, rod-like and plate-like NCs can be syn-
thesized. The morphology and dimensions of OHP nanoparti-
cles is likely dominated by the interplay of capping ligands co-
ordinating to specific crystal facets. However, it is difficult to
conclude the exact mechanism due to lack of knowledge in
the facet-specific binding of capping ligands, the two capping
agents’ mutually interaction and to which extent the particle is
screened from its solution environment. Further studies on
OHP NCs surface interactions with capping ligands and other
binary agent combinations are necessary for an improved un-
derstanding to further rationalize OHP NC synthesis proce-
dures. This study unravels a novel approach using binary cap-
ping agents to control the morphology of high-quality and
stable monocrystalline OHP NCs in suspension. The presented
method paves the way for high-yield large-scale colloidal
monocrystalline OHP synthesis for future fabrication of perov-
skite-based devices with a notably decreased defect density
and subsequent higher quality.

While finalizing the manuscript, a paper by Levchuk et al. re-
ported a similar synthesis protocol for thickness modulation of
perovskite nanoplatelets using the same ligand combination
but with much high concentrations, leading to nanoplatelets
about 10 nm in dimension with tunable thickness.”’ We note
that in that report a high ratio between OAc and OAm of
200 ul/30 pL or 200 uL/60 pL were applied to yield nanoplate-
lets,””! in good agreement with our report here (the OAc/OAm
ratio of 6.68 for plate-like nanocrystals).

Experimental Section

To produce perovskite NCs, the injection—precipitation method was
used.

The precursor solution was prepared by dissolving lead iodide
(Pbl,, 0.02 mmol, 9.4 mg) and methylammonium iodide (CH;NH;l,
0.06 mmol, 9.4 mg) in 10 mL of acetonitrile (ACN). In a second vial,
the capping agents oleic acid (OAc) and oleylamine (OAm) were
dissolved in toluene as non-solvent for the precursor reagents.
Amounts used ranged between 8.9 pmol (2.8 pL) and 66.8 umol
(21 pb) for OAc, 0.85 umol (0.4 pL) and 46.8 umol (22 L) for OAm
and around 5 mL for toluene.

Five minutes after injection of 1.3 mL of the precursor solution to
the vigorously stirred capping agent solution, a second volume of
toluene ranging from 4 to 10 mL was added dropwise. The mixture
was kept stirring at room temperature for four hours, resulting in
a dark brown suspension containing nanoscale perovskite crystals.
The dark brownish suspension was then washed and redispersed
in 4mL of toluene twice by centrifugation for 30 minutes at
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4200 rpm. The final suspension was maintained in the dark. The
nanocrystals in a solid phase show a photoluminescence quantum
yield of about 0.84% (Figure S14). The photoluminescence quan-
tum yields (QY) were recorded on an Edinburgh FLS980 fluorime-
ter, which was been extended with an external integrated sphere
from Labsphere connected to the fluorimeter via optical fibers (see
Figure S14). The sample was drop-casted on a quartz plate prior to
the measurement. Scattering of the excitation beam by the sample
was compared to a barium sulfate sample that was used as refer-
ence, which has almost complete reflectance. The QY was deter-
mined at 488 nm excitation using a similar approach as the one
described in a previous report.®
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Shape up: The morphology of mono-
crystalline organolead iodide perovskite
nanoparticles can be tuned by adjusting
the relative ratio of surface capping
agents in an all-solution synthesis.
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