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Here we report a one-pot solvothermal approach to synthesize the cuboid

shaped CH3;NH;Pbl; study the
crystallographic planes under solvothermal system. Furthermore, the

single crystals and stability of
dissolving phenomenon from specific facets was discovered for the first
time. Through careful control of the crystallization and dissolution process,
we found that reaction factors including temperature and time, play

crytical roles in the crystallization process of perovskite crysals .

Organic-inorganic hybrid materials, particularly the perovskite
family, have shown great promise for the applications in field effect
transistors, light-emitting diodes, sensors, and photodetectors for
more than a decade. The 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." Since Miyasaka
et at used perovskite as sensitizer for the first time demonstrating
solar-to-electrical energy conversion efficiency of 3.81% at 1 sun
illumination in iodide-based redox electrolyte,2 the CH3NH;PbX; (X =
Cl, Br or ) perovskites have made a breakthrough as the sensitizer
of solar cells recently.s'10 Their high light absorption coefficient and
bipolar transport mobility character, which enables the conduction
of both electrons and holes, opened a complete new field in
photovoltaic devices. A high energy conversion efficiency of 20.1%
was confirmed by Korea Research Institute of Chemical Technology
(KRICT). Moreover, the perovskite materials have also been a
promising candidate for the applications in efficient light emitting
diodes (LEDs) and on-chip coherent light sources owning to their
high photoluminescence (PL) quantum efficiencies and the
wavelength-tunable lasing performances.n'14

Since the successful applications of perovskites in various fields,
numerous efforts have been devoted to studying the materials.
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Generally the synthetic methods were hindered by the limited
extent of solubility which could be influenced by controlling
temperature and the impacts of convective currents that both
disturb the ordered growth of the crystals. Recently there are
several reports about creating large single (:rystals.ls'18 These
reports mainly pay attention to the photoelectric property of the
single crystals, such as carrier diffusion length, hysteresis effect and
the trap-state density. Factors such as charge dissociation efficiency,
charge transport and diffusion length of charge species are
dependent on the crystallinity and size of the perovskite crystals.lg'
22 And the above performance have reached the state of the art
standard. However, the stability of perovskite has been identified as
a critical factor to the commercial viability of perovskite
photovoltaic technology. Currently, little is known regarding the
crystal growth mechanism as well as the instability of the common
crystallographic planes of the as-synthesized crystals. It is crucial to
explore the crystallization and stability of perovskites based on the
synthesis of high quality crystals. Researches on controlling
structure, grain size and crystalline degree remain key scientific
challenges for the realization of high performance devices.
Therefore, significant importance for CH;NH;Pbl; perovskites is the
synthesis of high-quality crystals as well as further understanding of
the crystal growth and the stability of their common
crystallographic planes.

Here we have successfully synthesize high-quality and uniform
cuboid shaped perovskite single crystals bounded with (001) and
(010) facets under solvothermal conditions. The solvothermal
stability of the faceted cuboid perovskite crystals was then
systematically investigated in an aqueous environment, and a
plausible dissolving kinetic model was also developed. The
dissolving effect enhanced with the prolonged time and the
increased temperature for perovskite CH;NH;3Pbl; crystals. The
results suggested that the fundamental materials research as
shown here, may ultimately help elucidate improved processing
conditions leading to thin films of perovskites with optimized crystal
parameters and enduring stability, which, in turn, may give rise to
enhanced opto-electronic properties.

Powder X-ray diffraction (PXRD) and field emission scanning
electron microscopy (SEM) (Figure 1A) were employed to confirm
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Figure 1. (A) SEM of the perovskite CH3NHsPbls prepared at 120 °C for 0.5 h. (B)
SEM of the perovskite CH3NH3Pbls prepared at 120 °C for 1 h. (C) SAED pattern
and (D) HRTEM of CH3NH3Pbl; prepared with reaction time of 1 h.

the crystal structure and morphology of the as-prepared
CH;NH3Pbl; crystal. Figure 1B shows the typical PXRD patterns of
the resulting products, and the main diffraction peaks, assigned to
the (110), (220), (310) and (330) peaks at 26 = 14.18°, 28.47°, 31.93°
and 43.28° can be indexed to those reported in the literatures,” **
which indicates that this one-step solution process technique is an
effective method to produce the CH;NH;Pbl; perovskites single
crystals. From the PXRD patterns, it can be concluded that, as the
reaction temperature increased, the crystallinity of the products is
indeed increased gradually with the reaction temperature. PXRD of
the perovskite crystals sustaining different reaction time is shown in
Figure S1. Transmission electron microscope (TEM) characterized
the microstructure of the CH;NH;Pbl; single crystals for 1 h. The
single crystal characteristic was illustrated by selected area electron
diffraction (SEAD) pattern depicted in Figure 1C, as the side surface

should be a (100) facet and the head surface should be a (001) facet.

In the HRTEM image, a crystalline structure with a lattice spacing of
0.31 nm can be indexed to (004) or (220) of the tetragonal
CH5NH3Pbl; phase (Figure 1D).”

To understand the formation mechanism and dissolving effect of
these perovskite cuboid crystals, time-dependent experiments were
carried out. An interesting structural evolution process from solid
microcuboids to hollow cuboid microframes was observed in Figure
2. SEM investigations show that the products after reaction of 0.5 h
are cuboid aggregates consisting of primary nanoparticles with size
between 80 and 150 nm (Figure 2A). The oriented aggregation
phenomenon in the process of the crystal growth could be
observed from the Figure 2A. With prolonged reaction time to 1 h,
the SEM observations (Figure 2B) showed that the majority of
perovskite particles appeared as cubic crystallites of smaller size
between ~1 and ~4 um after 1 h of crystallization in Figure 2B. In
the process of subsequent growth small crystals dissolved and
redeposited onto the surface of larger crystals. This phenomenon
indicates that Ostwald ripening is an underlying mechanism
operative in this growth process. This is understandable, because
there is chemical species to generate necessary ionic transport in
solution during the ripening process.26 On the whole the crystal
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shape of the perovskite crystals for 4 h (Figure 2C) has no significant
change compared to the starting samples but with a much larger
size. All these crystal surfaces present the thermodynamic stable
cuboid shape enclosed by the flat surfaces. When the reaction time
increased to 6 h, it can be clearly observed that small etching traces
and inverted pyramidal pits (Figure 2D) were generated on (001)
surfaces. By prolonging the treating time to 24 h, the small pits on
the facet evolve into a significant etching even appearing the
etching steps. As shown in Figure 2E, the as-synthesized crystals
well retain the cuboid shape, while the size has decreased to about
12 um. As the reaction continued, a shallow hole was emerged after
reaction for 36 h (Figure 2F), which became deeper on all of the
faces of the crystal. At last cuboids are etched from every fact
forming a hollowed-out skeleton, and the whole skeleton even
collapses into tetrahedrons (Figure S2 and S3).

Figure 2. CH3NH3Pbl; products prepared with different reaction time: A,B,C,D,E
and Ffor 0.5h,1h,4h, 6h,24hand 36 h respectivelly.

Recently studies have shown that the reaction temperature is the
one of keys to being able to predictably control the crystal and film
growth.zo' 7 In order to explore the effects of crystallization process
at the different temperatures, specimens were collected after
crystal growth temperatures of 60 °C, 100 °C, 120 °C, 140 °C, and
160 °C for 12 h. The influence of the reaction temperature on the
morphology and structure of the perovskite crystals synthesized by
one-step solvothermal were examined by SEM (Figure 3). The
samples prepared at 60 °C show irregular shape with the crystal size
of 1~2 um. When the reaction temperature is at 100 °C, the average
cuboid size was increased with the reaction temperature rising,
which is about 14 pum. At the stage the obtained product exhibits an
identical structure to the starting material without any etching

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. CH3NH3Pbl; crystals with different reaction temperatures: (A), (B), (C)
and (D) correspond to 60 °C, 100 °C, 140 °C and 160 °C. The reaction time of all
the samplesis 12 h.

traces detected on the crystal surfaces. Nevertheless, further
increasing the reaction temperature leads to significant etching
phenomena on the surfaces of the resulting products. Furthermore,
the facial etching gradually intensified as the temperature increased,
which can be deduced from the SEM images shown in Figure 3C and
3D. With the temperature increasing, the etching of facets is so
violent that the whole cuboid perovskite crystals broke into
tetrahedrons and other blocks in Figure 3D.

In addition, the grain size distribution graphs of the products on
the condition of different reaction time and temperature were
presented in Figure 4. Due to the dissolving effect, grain size
distribution is not monotonic increase along with the prolonging of
the time and the rising of the temperature. From the reaction time-
grain size distribution graph (Figure 4A), the grain size reached the
maximum about 25 pum for 10 h. And the optimal temperature to
obtain the large crystals is 120 °C for 12 h. In other words, the
prolonged reaction time and the increased reaction temperature
accelerated the dissolving process. The dissolving effect not only led
to the etching of the crystallographic planes but also decreased the
crystals size.
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Figure 4. (A) The reaction time dependence of grain size in CH3NH3Pbl; crystals.
(B) The temperature dependence of grain size in CH3NHsPbl; crystals.

In the present synthesis strategy, the long reaction time and
higher reaction temperature will lead to dissolving of the
CH3NH;3Pbls crystals. This finding indicates that the structure-
induced anisotropic chemical etching/dissolving of CH3NH3Pbl; is

This journal is © The Royal Society of Chemistry 20xx
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highly dependent on the reaction time and temperature. The
substantial stability for the hybrids derives from the specific range
of chemical interactions found in these systems—from relatively
weak van der Waals interactions among the organic components, to
hydrogen bonding interactions between the organic and inorganic
components (as well as among the organic molecules), and stronger
ionic and covalent interactions within the metal halide sheets.”® The
perovskite crystals belong to cubic phase (space group Pm3m, Z=1)
at the reaction temperature 120 °C exceeding the phase transition
point of 54 °C. The CH3NH;" is fully disordered due to the cubic
symmetry. The ammonium group on each CH;NH;" hydrogen bonds
to halogens in the perovskite structure.” These specific hydrogen
bonding interactions and the constraints imposed by the distorted
perovskite framework in CH3;NH;3Pbl; stabilize the conformation.
High reaction temperature and long reaction time will lead to the
dissolving of the perovskite crystals. With increasing temperature,
the lattice constants a and c increases monotonically.so’31 This will
lead the intense rotation of the CH;NH;" and the weakness of the
hydrogen bonding. Meantime as the reaction continues, low super-
saturation of the perovskite precursors made as-synthesized
crystals dissolve. The lateral sides expected with more defects and
the gathering of the dislocations compared to the smooth edges,
which provide more reactive sites for dissolving.31 It led to a higher
stability at the corners and edges than at the centre of the faces.

Ostwald ripening involves in both steps, providing substance for
recrystallization.32 The oriented aggregation of the initial small
particles is important for the continuous morphology transition as it
allows easy fusion between centre and ledge that have aligned in
the same crystallographic direction. It is observed the interior of
CH3NH;Pbl; single crystals is constructed by small microparticles, as
seen in Figure S4. The surfaces of the samples preserved in the
humidity of sixty percent for 3 h have been decomposed. While
during the process of dissolving, the surfaces of the crystals
retained smooth. Therefore the dissolving is dynamic balance
process of dissolving and recrystallization. And Ostwald ripening
mechanism does exist in the experimental process.

We then measured the UV-vis absorption
photoluminescence (PL) of the obtained CH;NH;3Pbl; perovskite
crystals at room temperature as depicted in Figure S5. CH3NH;Pbl;
crystals we synthesized display a strong, abrupt absorption in the
visible spectral region and have broad optical absorption up to 800
nm.’ The time dependence of the PL intensity demonstrated that as
the reaction time increased, the defects of the products
decreased.®® Therefore, it is not surprising that the emission
properties receded with the reaction time prolonged.

In summary, we have developed a one-pot solvothermal
synthesis strategy to prepare large CH;NH;Pbl; perovskite single
crystals for revealing the intrinsic crystal growth mechanism. The
method allows controlling over grain growth of CH3;NH;Pbl; and the
process of dissolving, and achieves the rapid and reproducible
fabrication of well-defined perovskite single crystals. We elaborated
stability of the crystal by the crystallization and dissolving process
under the solvothermal condition. It is presented that the higher
temperature and longer reaction time can affect the crystallization
of the perovskite crystals and lead to the exposure of the high-index
facets in the isopropanol solution. There is a higher stability at the
corners and edges than at the centre of the faces. In a word this

and
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synthetic technology will not only benefit the perovskite based
photovoltaic devices but also bring new possibilities to perovskite-
based hybrid optoelectronic devices, such as field effect transistors
and light emitting diodes.
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TOC Image:

A one-pot solvothermal approach to synthesize the cuboid shaped CH3;NH;Pbl; single crystals was reported. The
growing and dissolving phenomenon of perovskite crystals was discovered under the solvothermal condition. It is crucial
to explore the crystallization and stability of perovskites.



