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Nowadays, there are many ways to obtain cesium lead halide perovskite nanocrystals. In addition to the
synthesis methods carried out in solution, the solid-phase synthesis was reported involving grinding and
milling. In this paper, we synthesized luminescent CsPbBrs/Cs,PbBrg perovskite nanocrystals (PNCs) by

three solid-phase synthesis methods (grinding, knocking, stirring) using L-lysine as a ligand. This is the

first attempt to use an amino acid for assisting the solid phase synthesis of perovskite and to study the
difference in the products obtained by the three solid phase synthesis methods. The results show that
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the productivity of the solid-phase synthesis methods can be greatly improved by adding L-lysine and

the perovskites obtained by the methods are more resistant to water due to the addition of L-lysine. The

DOI: 10.1039/d0ra07589b
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1. Introduction

Lead-halide perovskite semiconductors are emerging materials
that have many applications in photovoltaic cells,' ™ solid-state
lasers,** ™ light-emitting diodes," photodetectors,'** and solar
fuel production® due to their remarkable photoelectric effects.
The synthesis of all-inorganic cesium lead halide perovskite can
be traced back to 1893 when Wells and his collaborators showed
that crystals of CsPbX; (X = Cl, Br or I) and Cs,PbX, (X = Cl or
Br) could be prepared from aqueous solutions.* In the field of
synthesis of all-inorganic lead-halide perovskites, it is worth
mentioning that Kovalenko and colleagues have developed
a widely used synthetic route called the heat injection process.**
Thereafter, the shape, dimensions and crystal phase of CsPbX;
perovskite nanocrystals (PNCs) were designed by learning from
the experience of classical cadmium chalcogenide nanocrystal
synthesis.*®?® In the synthesis of solution-based colloidal
nanocrystals, the key is to obtain nanocrystals with green
emission by solvent-induced reprecipitation using a capped
ligand. The role of these ligands is to provide self-terminating of
the crystallization, resulting in the formation of discrete nano-
particles in solution.”” The termination of crystal growth by
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simplicity of the synthesis process expanded the use of solid-phase synthesis to obtain more perovskites
and provided potential applications of perovskite in analytical detection and sensing in aqueous solution.

surface ligands is an important component of its nucleation
and growth process, so the use of ligands affects material
stability and photoluminescence quantum yield.*®

Compared with the homogeneous synthesis in solution, the
mechanochemical synthesis route is easy to implement,
sustainable and energy-efficient. The greatest potential lies in the
possibility of promoting a solid chemical reaction, and any
reactant will become any product at room temperature because
the reaction is triggered by mechanical stress rather than heat to
overcome all thermodynamic reaction barriers.**** One of the
main advantages of mechanochemical synthesis is that no
solvent is required. This is very important in the development of
green chemistry because solvents usually represent large
amounts of waste. In addition, many of them are harmful to
human health and the environment. However, it is often difficult
to stabilize the perovskite from the initial reactant powder
mixture consisting of micron sized particles in a direct and rapid
solid-phase synthesis.** Several studies have shown that the
mechanical stress generated by ball impact can alter the reactant
powder and reduce the calcination temperature and processing
time.**** In the mechanochemical synthesis of cesium lead-
halide perovskites, grinding or ball milling is commonly
used.**** In addition to directly grinding cesium bromide and
lead bromide in a vacuum drying oven,* large-scale synthesis of
halogenated perovskite lead colloidal quantum dots in grinding
can be achieved by direct wet grinding of the precursor.’

In this work, it is the first time to use amino acids as an
assistant to directly solid-phase synthesizes all-inorganic
cesium lead perovskites nanocrystals (PNCs) with bright lumi-
nescence. So far, the method of directly assisting the synthesis
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of luminescent PNCs by amino acids still requires the partici-
pation of organic solvents.”® Under the premise of discarding
both the vacuum grinding environment*-** and the organic
solvent to obtain green luminescent nanoparticles, the method
greatly simplifies the synthesis step and further realizes green
chemistry in the field of perovskite synthesis. Furthermore, we
studied three different types of solid-phase synthesis methods:
grinding by mortar and pestle (grinding synthesis), knocking by
magnetic stirrer bar (knocking synthesis) and stirring by vortex
mixer (stirring synthesis). The difference among the three
synthesis methods is the magnitude of force on mixing and
dispersion of the mixing. The contact force of grinding
synthesis is the largest, but the raw materials cannot well
mixed. The knocking synthesis is moderate, and the stirring
synthesis is just on the opposite. The results indicated that
through the addition of r-lysine (Lys), after only 2 minutes of
grinding, perovskite crystal formed, and great luminescence
can be seen under UV light illumination. We also found that the
solid-phased reaction by the stirring synthesis has advantages
of simple operation steps and short synthesis time over other
two solid-phase reactions (grinding and knocking synthesis).
This study indicated that the top-down reaction of the perov-
skite nanostructure can be achieved by a simple solid phase
reaction without long-time grinding.3**¢

2. Experimental section

2.1 Materials and instruments

Lead(u) bromide (99%), cesium bromide (99.9%) and t-lysine
(97%) were purchased from Adamas-beta. All chemicals were
used as received without further purification. Ultrapure (UP)
water (18.25 MQ) was used throughout the experiments. The
photoluminescence properties were measured using a F-7000
fluorescence spectrophotometer (Hitachi, Tokyo, Japan). FT-IR
spectra were measured using a Nicolet iS10 Fourier Transform
Infrared Spectrometer (American Thermo Fisher Scientific). The
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X-ray photoelectron spectroscopy (XPS) data were collected on
a K-Alpha+ X-ray photoelectron spectrometer (Thermo Fisher
Scientific). The luminescence photos of Lys-PNCs were captured
in a ZF-1 ultraviolet analyzer under 365 nm of illumination.
Transmission electron microscope (TEM) images were taken on
JEM 2100 high-resolution transmission electron microscope
(Hitachi, Ltd, Japan.) and FEI Tecnai G2 F20 (American FEI). The
solid-phase reaction instruments are QL-901 vortex mixer (Hai-
men Bell Labs Instrument Co., Ltd., Haimen, China) and IKA
RCT basic heating magnetic stirrer (IKA (Guangzhou) Instrument
Equipment Co., Ltd.). X-ray diffraction (XRD) measurements
were carried out using an Ultima IV diffractometer with mono-
chromatized Cu Ka radiation at 40 kV and 40 mA and were
recorded. The Photoluminescence lifetime (PLLT) properties
were obtained by Fluorolog-3 spectrofluorometer (Horiba, USA).

2.2 Solid-phase synthesis of Lys-PNC by grinding, knocking
and stirring

The solid-phase synthesis methods (grinding, knocking and
stirring synthesis) were carried by the following instrument: (1)
the grinding was carried out by mortar and pestle. The CsBr (0.2
mmol), t-Lysine (0.04 mmol) and PbBr, (0.2 mmol) were taken
in the mortar to ensure that the ratio of the three substances
was 1:0.2:1, and after 5 min of grinding, a perovskite solid
with green photoluminescence emission can be obtained. (2)
The knocking was implemented by a magnetic stirrer bar. The
CsBr (0.2 mmol), i-lysine (0.04 mmol) and PbBr, (0.2 mmol)
were taken in a 1.5 mL centrifuge tube to ensure that the ratio of
the three substances was 1 : 0.2 : 1. The small magnetic stirrer
bar (5 mm x 10 mm) were dropped into a 1.5 mL centrifuge
tube, and the mixture was stirred for half an hour (700 rpm) to
obtain a product with strong green photoluminescence. (3) The
stirring was carried out by a vortex mixer. The CsBr (0.2 mmol),
r-lysine (0.04 mmol) and PbBr, (0.2 mmol) were taken in
a 1.5 mL centrifuge tube to ensure that the ratio of the three
substances was 1 : 0.2 : 1, and the centrifuge tube was fastened

Pb @
Br ¢

L-lysine /

Fig.1 Three solid-phase synthesis methods and schematic diagrams of the effects of L-lysine on Lys-PNCs.
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on a vortex mixer (3000 rpm). After stirring for 20 min, it was
taken off and left in the dark for 30 min to obtain a perovskite
solid with green photoluminescence emission. The products
obtained by the above three solid phase synthesis are all puri-
fied with ethanol.

2.3 Water assisted grinding synthesis of Lys-PNC

The CsBr (0.2 mmol), 1-Lysine (0.2 mmol) and PbBr, (0.2
mmol) were added to the mortar in turn (to ensure that the
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ratio of the three substances was 1:1:1.1, slightly excess
PbBr,), and grinding was carried out for 2 min to obtain a pale-
yellow viscosity blocky solid. Then, 1.0 mL of UP water was
added in the mortar and continued the grinding, and the
turbid liquid in the mortar was pale-yellow. The turbid liquid
was applied to a glass slide and air-dried naturally, and the
strong green photo-

remaining white powder was a
luminescence Lys-PNCs.

Fig. 2 Photoluminescence spectrum and corresponding TEM images of Lys-PNCs obtained by different solid-phase synthesis methods. The
excitation wavelength in (a, c and e) is 380 nm, 387 nm and 394 nm, in which the illustrations are taken under daylight and 365 nm light. The TEM

images of (b, d and f) correspond to the left.
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3. Results and discussion

3.1 r1-Lysine assisted solid-phase synthesis and
characterization of the perovskite nanocrystals

Fig. 1 shows a schematic diagram of the r-lysine assisted solid-
phase synthesis of PNCs. As the zwitterionic properties of
amino acids, i-lysine would passivate Pb®>" and excess Br~
defects on the surface of perovskite particles that improve the
effectiveness of ligand deactivation.®® The possible role of r-
lysine is roughly equivalent to the OLA (oleylamine) being
protonated to OLA" attached to the surface of the perovskite
nanocrystal via the hydrogen bond between -NH;" and
Br,?>**" and the carboxyl group on OA (oleic acid) may bind to
the nanocrystal surface as an ion pair with an amino group on
the OLA.*® Thereby surface defects are dynamically suppressed
and thus the products emit strong luminescence. When the
synthesis method is stirring, in which time the mechanical
stress is small enough, the reactant can only obtain the energy
of the reaction through the collision of its own molecules. At
this time, only the product of structure 416 protected by r-lysine
can be obtained. As the mechanical stress increases, the reac-
tion is more likely to produce perovskite structure 113 that is
not protected by r-lysine.

By using r-lysine as an assistant, the products obtained by
three different solid-phase synthesis showed yellow-green
(grinding), light-yellow (knocking), and green (stirring) color,
and emitted strong green luminescence under ultraviolet light
(Fig. 2a, c and e. We performed TEM and High-resolution TEM
testing on the samples to observe the lattice of samples ob-
tained by different methods (Fig. 2b, d and f). The sample ob-
tained by grinding have obvious cubic nanocrystals under TEM
(Fig. 2b). Some of the samples obtained by knocking turned into
cubic nanocrystals, more in the form of nanospheres (Fig. 2d).
Cube-shaped nanocrystals could not be obtained from the
samples obtained by stirring (Fig. 2f), and all of them were
nanospheres in agglomerated form. The morphology of the
nanocrystals obtained from the three methods can be clearly
seen from HR-TEM (the insets in Fig. 2b, d and f), which indi-
cated that the nanocrystals were gradually grown from small
nanospheres (5-8 nm, by stirring) to rectangular nanocrystals
(50-200 nm, by knocking and grinding) in different ways of
solid-synthesis. Therefore, based on the photoluminescence
spectrum and TEM image, it can be inferred that different
synthesis methods affect the shape and size of the nanocrystal,
and its excitation and emission will also change accordingly.
This change has a certain relationship with the production of
113 structure perovskite and its quantum size effect.*****

The X-ray diffraction (XRD) was also used to verify the crystal
structure of the products (Fig. 3). The XRD data of the products
were aligned by indexing the databases of CsPbBr; (space group
Pm3m, PDF#75-0412) and Cs,PbBr, (space group R3c, PDF#73-
2478). Among them, Grinding, which has the greatest
mechanical stress, obtained a product with a 113 structure
doped with a small amount of 416 structure perovskite. When
the mechanical stress is slightly reduced and the collision of
magnetons is used to provide reaction energy, the reaction
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Fig. 3 XRD of Lys-PNCs obtained by different solid-phase synthesis
methods, and XRD of the blank control samples without L-lysine.

cannot get more 113 structure perovskite. When the mechanical
stress is weakened to only rely on the collision of the reactants
themselves to provide reaction energy, the reaction can only get
the product of the 416 structure. This difference indicates that
the magnitude of the reaction force also affects the change in
the optimal growth direction of the crystal plane of the raw
material. The X-ray diffraction differences of the crystals also
indicate that the luminescence of the nanocrystals synthesized
with the assistance of r-lysine is the structural feature of
different configurations of perovskites. In the blank sample
without r-lysine, only the 113 structure perovskite can be ob-
tained through the three methods. This phenomenon shows
that the addition of L-lysine and the control of mechanical stress
can make the perovskite product grow to the 416 structure of 0D
perovskite first. With the increase of mechanical stress, 1-lysine,
which accounts for only 0.2 times of the Cs and Pb raw mate-
rials, can no longer prevent the growth of its product crystals, so
that in the grinding sample, a product with a 113 structure
perovskite as the main body is obtained.

To illustrate the reaction of r-lysine in cesium lead halide
perovskite, X-ray photoelectron spectroscopy (XPS) was used to
analyze the element changes of the products. The product
synthesis by the method of stirring was chosen for studying
because the product obtained by stirring has the weakest mix-
ing force in the three solid-synthesis methods. At this time, the
product was controlled by r-lysine as the main reason. As shown
in Fig. 4, The Cs 3d signal (Fig. 4a) has similar binding energy to
CsPbBr; quantum dots*® and Cs,PbBrg nanosheets.” The low
energy shoulder of the Pb 4f (Fig. 4b) main peak indicates that
the surface Pb ions are not reacted in the product except for the
portion participating in the reaction.*® At binding energies of
68.73 and 69.78 eV, the Br 3d (Fig. 4c) peak can be divided into
two peaks, due to internal and surface Br ions, respectively.***®
The N 1s signal (Fig. 4d) can be attributed to two different
amino groups on r-lysine.

The Fourier transform-infrared spectroscopy (FTIR) spec-
trum of 1-lysine (Fig. 4e) has two bands at 2864 and 2934 cm ™,
respectively, which attributing to asymmetric and symmetric C-
H, stretching. Both two bands were confirmed in the product. A
carbonyl stretching band of carboxylic acid was observed at

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Structural analysis of Lys-PNCs obtained by stirring. The XPS spectra of Lys-PNCs (a) Cs 3d, (b) Pb 4f, (c) Br 3d, (d) N 1s. (e) The Fourier
transform-infrared spectroscopy (FTIR) spectrum of L-lysine and Lys-PNCs.

1617 cm ™ '. Bands at 1582 and 1143 cm™ ' were designated as
N-H in-plane bends and C-N stretched amines, respectively.
Furthermore, the peak position of Br 3d in XPS is shifted by
about 1.0 eV relative to the high binding energy (BE) in other
literatures,**+”* indicating the effect of -NH;" in 1-lysine on the
surface Br~ defect sites.”® While the FTIR spectrum of the

This journal is © The Royal Society of Chemistry 2020

product appears in the characteristic peak of the r-lysine func-
tional group, it has different degrees of attenuation and
enhancement, especially the weakening of the C-N bond. Both
above phenomena indicate that r-lysine is well involved in the
reaction.

RSC Adv, 2020, 10, 34215-34224 | 34219
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Considering 1-lysine is a member of the amino acid, other
amino acids were also selected to study the solid-phase
synthesis of PNCs. Comparing with the blank sample, the
results (ESI, Fig. S11) indicated that although several amino
acids can also assist the synthesis of luminescent PNCs, the
effect of the amino acids is much weak than that of L-lysine. The
results are in accord with the report that bifunctional ligands of
peptide-like molecules containing both amino and carboxylic
groups could effectively passivate cationic and anionic surface
defect sites on the different types of PNCs surface.>® The reason
why r-lysine has outstanding effect better than other amino acid
in solid-phase synthesis still needs more studies to uncover.
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3.2 Comparison of the three solid-phase synthesis methods

The products synthesized by the three solid-phase methods
have different emission wavelength positions (Fig. 2a, ¢ and e)
and different XRD spectra (Fig. 3). The result indicated that the
synthesis force and the surface exposure during the mixing of
the reactants in the solid phase reaction determine the forma-
tion of crystals. As we have known, the milling time is
a prerequisite for the desired mechanochemical reaction which
significantly depends on the initial particle size.*® The lack of
the rapid and direct synthesis of a perovskite product by a ball
mill is attributed to a kinetic limitation associated with diffi-
culties in developing a mill capable of providing highly ener-
getic impacts that are critical to managing the

Fig. 5 TEM/HRTEM image of Lys-PNCs in water obtained by (a) grinding, (b) knocking, (c) stirring.

34220 | RSC Adv, 2020, 10, 34215-34224
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mechanochemical reaction and related yield. Theoretical
modeling of kinematic equations describing the energy transfer
of the ball to the powder in a planetary mill was well established
by Burgio et al.>* Given that the level of energy and number of
impacts transferred to the reactant powders may be correlated
with an intrinsic activation energy barrier of the reaction
system, the higher activation energy level of a given reaction, the
more energetic milling condition is needed to cause a reaction
between starting materials mechanochemically.*®* A number of
papers have described the morphological transformation
process during the synthesis of perovskite by mechanochemical
reaction.

Although the perovskite in the pure phase was not obtained
by short grinding in this experiment (Fig. 3), the r-lysine-coated
product has more excellent light-emitting performance
(Fig. S1at). This shows that r-lysine has a positive effect in
quickly obtaining cesium lead perovskite with strong lumines-
cence. Combining the results of the reaction, we found that
three solid-state synthesis obtain perovskite crystal structures
(Fig. 3b), which follow the mechanochemical synthesis rules
outlined in the above-mentioned literature. The samples ob-
tained by grinding not only have stronger luminescence
performance and longer fluorescence lifetime, but also have the
best light stability among the three. But also in the air (Fig. S47),
Knocking has the strongest stability. Stored at low temperature
in the dark (Fig. S5), the samples obtained by stirring can
maintain the best long-term stability.

However, the luminescence intensity and the stability of the
products can be directly related to the morphology uniformity
of nanocrystals (Fig. 2 and S2, S3, S4, S5t). The stability of
products with different structural tendencies under different
conditions is also very different. It is a pity that we cannot
combine the advantages of products with different mechanical
stresses to get the best samples. Therefore, we tried to improve
this problem in terms of raw materials.

3.3 Water assisted grinding synthesis of Lys-PNC

As the r-lysine is water soluble, it is worthy to study the role of
water on the morphological structure and luminescence prop-
erty of Lys-PNCs by solid-phase method. Thus, some water was
added to the raw materials before synthesis. The properties of
the nanocrystals obtained by three different methods are still
very different after being sufficiently dispersed by water. As
shown in the TEM images, cubic perovskite nanocrystals cannot
be found in the product by grinding completely, which is
consistent with the properties of perovskite itself (Fig. 5a). The
mixed nanocrystals obtained by knocking were able to retain
many crystal lattices after exposure to water, and small polyg-
onal nanocrystals appeared (Fig. 5b). Large number of well
dispersed small polygonal nanocrystals can be found in the
sample of stirring (Fig. 5¢). The changes of TEM images indi-
cated that the nanocrystals obtained under weak forces can
maintain good dispersibility and crystal structure in water.

We have achieved direct synthesis of Lys-PNCs in water by
incasing the amount of 1-lysine in solid-phase synthesis (Fig. 6).
Taking the product obtained by grinding synthesis as an

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Emission spectra of Lys-PNCs obtained by Water-assisted
solid-phase synthesis. The illustrations are Lys-PNCs taken under
daylight and 365 nm light.

example, after sufficient grinding, 1-lysine, which participates in
the reaction, has a much higher affinity for water than the
perovskite, so it has a tendency to dissolve in water, but its
decomposition is not suddenly. We give the picture after a brief
water assisted grinding synthesis (the inset of Fig. 6). The color
of the turbid liquid is not significantly different from the solid
color. It can be seen that L-lysine has a certain protective effect
on nanocrystal. The product has two emissions at 520 and
450 nm which are originated from the Lys-PNCs and the excess
t-lysine, respectively (Fig. 6). Due to the trapped state or
quantum size effect on the surface of PNCs passivated by r-
lysine, the morphology of PNCs becomes complicated, so that
the peak at 438 nm is shifted and enhanced.?® In this reaction,
the problem of excessive viscosity of solid powder in the solid-
phase reaction was solved by adding water without affecting
its strong luminescence. However, when we took the dry
precipitate after washing several times for XRD, it was found
that there was no crystal form of perovskite in the mixed powder
(Fig. S67). It shows that under the action of multiple centrifugal
forces, the water dissolves into the complete r-lysine reaction.
The surface of the perovskite lacks -NH, to compensate for the
defects, and the structure becomes extremely unstable and
eventually hydrolyzed.

However, due to the increase in the amount of r-lysine,
products with green fluorescence emission cannot be obtained
by stirring under the same reaction conditions after adding
water. This experiment demonstrates that the use of excess -
lysine maintains the water stability of Lys-PNCs. As a ligand of
Lys-PNCs, r-lysine has certain biological characteristics, which
shows that Lys-PNCs has certain potential in analysis and
detection. As a ligand of Lys-PNCs, r-lysine has certain biolog-
ical characteristics, which shows that Lys-PNCs has certain
potential in analysis and detection. In addition, because the
synthesis process is extremely simple, we can directly partici-
pate in the reaction of the test substance, and use the luminous
performance as a signal to judge the test substance. The water
assisted synthesis method provides a way for detection in water.

RSC Adv, 2020, 10, 34215-34224 | 34221
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4. Conclusions

In this work, a green solid-phase synthesis method without
using organic solvents was successfully realized to synthesize
luminescent PNCs in very short time. By comparing three solid-
phase synthesis methods of grinding, knocking and stirring
synthesis, we found the growth mode of perovskite in different
reaction stages with the assistance of 1-lysine. At the same time,
in order to get this good performance and simplify the
synthesis, r-lysine is crucial. Due to the characteristics of amino
acids, Lys-PNCs has enhanced resistance to water, so that it can
be solid-phase synthesized in water, which has the potential of
biomass detection. The r-lysine assisted solid-phase synthesis
methods proposed here would obtain more new perovskites by
modifications and provided potential application of perovskite
in many fields.
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