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21  SUMMARY:
22 This work demonstrates facile room-temperature synthesis of colloidal quantum-confined lead
23  halide perovskite nanoplatelets by ligand-assisted reprecipitation method. Synthesized
24 nanoplatelets show spectrally narrow optical features and continuous spectral tunability
25  throughout the visible range by varying the composition and thicknesses.
26
27  ABSTRACT:
28 In this work, we demonstrate a facile method for colloidal lead halide perovskite nanoplatelet
29 synthesis (Chemical formula: L[ABX3]n-1BXs, L: butylammonium and octylammonium, A:
30 methylammonium or formamidinium, B: lead, X: bromide and iodide, n: number of [BXe]*
31 octahedral layers in the direction of nanoplatelet thickness) via ligand-assisted reprecipitation.
32  Individual perovskite precursor solutions are prepared by dissolving each nanoplatelet
33  constituent salt in N,N-dimethylformamide (DMF), which is a polar organic solvent, and then
34  mixing in specific ratios for targeted nanoplatelet thickness and composition. Once the mixed
35  precursor solution is dropped into nonpolar toluene, the abrupt change in the solubility induces
36 the instantaneous crystallization of nanoplatelets with surface-bound alkylammonium halide
37 ligands providing colloidal stability. Photoluminescence and absorption spectra reveal emissive
38 and strongly quantum-confined features. X-ray diffraction and transmission electron microscopy
39  confirm the two-dimensional structure of the nanoplatelets. Furthermore, we demonstrate that
40 the band gap of perovskite nanoplatelets can be continuously tuned in the visible range by
41  varying the stoichiometry of the halide ion(s). Lastly, we demonstrate the flexibility of the ligand-
42  assisted reprecipitation method by introducing multiple species as surface-capping ligands. This
43  methodology represents a simple procedure for preparing dispersions of emissive 2D colloidal
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semiconductors.
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INTRODUCTION:

In the past decade, fabrication of lead halide perovskites solar cells!® has effectively highlighted
the excellent properties of this semiconductor material, including long carrier diffusion lengths’-
10 compositional tunability*>!! and low-cost synthesis?. In particular, the unique nature of
defect tolerance!®* makes lead halide perovskites fundamentally different from other
semiconductors and thus highly promising for next-generation optoelectronic applications.

In addition to solar cells, lead halide perovskites have been shown to make excellent
optoelectronic devices such as light-emitting diodes®>22, lasers?*%°, and photodetectors?®-28,
Especially, when prepared in the form of colloidal nanocrystals!®2°43, |ead halide perovskites may
exhibit strong quantum- and dielectric-confinement, large exciton binding energy***>, and bright
luminescencel”'? along with facile solution processability. Various reported geometries including
quantum dots?>32, nanorods3*3* and nanoplatelets®3>4143 fyrther demonstrate the shape
tunability of lead halide perovskite nanocrystals.

Among those nanocrystals, colloidal two-dimensional (2D) lead halide perovskites, or “perovskite
nanoplatelets”, are especially promising for light-emitting applications due to strong
confinement of charge carriers, large exciton binding energy reaching up to hundreds of meV#4,
and spectrally narrow emission from thickness-pure ensembles of nanoplatelets®. Additionally,
anisotropic emission reported for 2D perovskite nanocrystals*® and other 2D semiconductors®’:48
highlights the potential of maximizing outcoupling efficiency from perovskite nanoplatelet-based
light-emitting devices.

Here, we demonstrate a protocol for the simple, universal, room-temperature synthesis of
colloidal lead halide perovskite nanoplatelets via a ligand-assisted reprecipitation
technique3®384°, Perovskite nanoplatelets incorporating iodide and/or bromide halide anions,
methylammonium or formamidinium organic cations, and variable organic surface ligands are
demonstrated. Procedures for controlling the absorption and emission energy and the thickness
purity of the colloidal dispersion are discussed.

PROTOCOL:

NOTE: Simpler notations of ‘n = 1 BX’ and ‘n = 2 ABX’ will be used from here instead of the
complex chemical formula of L,BX4 and L;[ABX3]BXa4, respectively. For better stability and optical
properties of resulting perovskite nanoplatelets, it is recommended to complete the whole
procedure under inert conditions® (i.e., a nitrogen glovebox).

1. Preparation of perovskite nanoplatelet precursor solution

1.1.  Prepare ~1 mL of 0.2 M solutions of methylammonium bromide (MABr), formamidinium
bromide (FABr), lead bromide (PbBr;), butylammonium bromide (BABr), octylammonium
bromide (OABr), methylammonium iodide (MAI), formamidinium iodide (FAI), lead iodide (Pbl>),

butylammonium iodide (BAl), and octylammonium iodide (OAl) in N,N-dimethylformamide
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(DMF) either by dissolving each salt in DMF or by diluting commercially available solutions.

1.1.1. PbBr; is not readily soluble in DMF at room temperature, keep the solution at 80 °C for
10 min or longer for complete dissolution. Once dissolved, cool the solution back to room
temperature before use.

NOTE: Concentration of individual precursor solutions can be increased to synthesize more
nanoplatelets, but the maximum concentration is usually limited by the solubilities of PbBr, and
Pbl; in DMF.

1.2.  Mix those individual precursor solutions in specific volumetric ratios for each target
thickness and composition.

1.2.1. To synthesize bromide-only or iodide-only nanoplatelets, see Table 1, which summarizes
the volumetric ratios for n = 1 and n = 2 bromide and iodide nanoplatelets.

1.2.2. To synthesize nanoplatelets with mixed halide compositions, combine bromide-only and
iodide-only perovskite nanoplatelet precursor solutions of the same thickness at desired
volumetric ratio for the target composition. For example, to make 30%-bromide-70%-iodide n =
2 perovskite nanoplatelets, mix the precursor solutions of n =2 MAPbBr and n =2 MAPbI at a 3:7
volumetric ratio.

NOTE: Changing the organic cation does not significantly affect the optical transition energies®3.
Absorption and luminescence are primarily tuned by changing the halide composition or
nanoplatelet thickness.

2. Synthesis of perovskite nanoplatelets via ligand-assisted reprecipitation method

2.1. Inject 10 pL of mixed precursor solution into 10 mL of toluene under vigorous stirring.
Nanoplatelets will instantaneously crystallize due to the abrupt change in the solubility.

NOTE: The amount of mixed precursor solution injected into toluene can be increased up to ~100
pL. Total amount of injected precursor solution and injection speed do not seem to significantly
affect perovskite nanoplatelet morphology (Figure S1). However, injection of too much DMF
increases the polarity of the solution and reduces the crystallization.

2.2.  Leavethe solution under stirring for 10 min until no further color change is observed from
the solution to ensure complete crystallization of perovskite nanoplatelets.

NOTE: Freshly synthesized perovskite nanoplatelets from freshly prepared precursor solutions
usually show the best photoluminescence quantum yield and photostability*®. And over time,
nanoplatelets will slowly aggregate (Figure S2), deteriorating colloidal stability. Thus, it is
recommended to use nanoplatelet solutions as soon as possible once synthesized.
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3.

Characterization sample preparation and purification of colloidal

nanoplatelet solution.

3.1.

3.1.1.

3.1.2.

3.1.3.

3.1.4.

3.1.5.

3.2

3.2.1.

3.2.2.

3.2.3.

3.2.4.

3.2.5.

3.3.

3.3.1.

3.3.2.

3.3.3.

Transmission electron microscopy (TEM) sample preparation.
Centrifuge the solution at 2050 x g for 10 min.
Discard the supernatant.

Redisperse the nanoplatelets in 1 mL of toluene.
Drop 1 droplet on a TEM grid.

Dry the sample under vacuum.

X-ray diffraction (XRD) sample preparation
Centrifuge the solution at 2050 x g for 10 min.
Discard the supernatant.

Redisperse the nanoplatelets in 30 pL of toluene.
Dropcast on a glass slide.

Dry the sample under vacuum.

General purification

Centrifuge the solution at 2050 x g for 10 min.

Discard the supernatant.

perovskite

Redisperse the nanoplatelets in desired amount of solvent depending on the usage.

NOTE: Depending on the usage of nanoplatelets, the volume of the redispersing solvent can be
freely adjusted and other nonpolar organic solvents such as hexane, octane or chlorobenzene
can be used instead of toluene.

REPRESENTATIVE RESULTS:
Schematic illustration of perovskite nanoplatelets and synthesis procedure gives an overview of
the material and synthetic details (Figure 1). Pictures of colloidal perovskite nanoplatelet
solutions under ambient light and UV (Figure 2), combined with photoluminescence and
absorption spectra (Figure 3) further confirm the emissive and absorptive nature of
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nanoplatelets. TEM images (Figure 4) and XRD patterns (Figure 5) are used to estimate the lateral
dimensions and stacking spacings of nanoplatelets, respectively, while also confirming the two-
dimensional structure. Absorption spectra of perovskite nanoplatelet solutions with mixed
halides demonstrate tunability of the bandgap (Figure 6). Insensitivity of the photoluminescence
spectrum to the chemical identity of organic surface-capping ligands highlights the compositional
flexibility of these materials (Figure 7).

FIGURE AND TABLE LEGENDS:

Table 1. Formulation guidelines for perovskite nanoplatelet precursor solutions. Numbers in
the table indicate the volumetric equivalents of each precursor solution (columns) that should
be combined to achieve the targeted nanoplatelet (rows), according to the concentration
specifications in the protocol text.

Figure 1. Perovskite nanoplatelet structure and synthesis procedure. (a) lllustration of
perovskite unit cell and nanoplatelet structure. (b) Schematic illustration of colloidal perovskite
nanoplatelet synthesis. Reprinted (adapted) with permission from Ref. 48. Copyright 2019
American Chemical Society.

Figure 2. Colloidal perovskite nanoplatelet solutions illuminated by UV light. Emission from the
nanoplatelets can be clearly seen along the beam path. Reprinted (adapted) with permission
from Ref. 48. Copyright 2019 American Chemical Society.

Figure 3. Photoluminescence and absorption spectra of colloidal perovskite nanoplatelet
solutions. Bandgap of the nanoplatelets can be tuned with thickness and composition. Longpass
filter (Cut-on wavelength: 400 nm) was used to filter out excitation UV light before
photoluminescence spectrum collection and it could have slightly altered n = 1 lead bromide
nanoplatelet emission spectrum.

Figure 4. Transmission electron microscopy (TEM) images of perovskite nanoplatelets. Images
show randomly-overlapping nanoplatelets. See also Figure S7.

Figure 5. X-ray diffraction (XRD) patterns and d-spacings of perovskite nanoplatelets. XRD
patterns are dominated by nanoplatelet stacking peaks which confirm the two-dimensional
nature of the nanoplatelets and their face-to-face self-assembly in dropcasted films.

Figure 6. Absorption spectra of colloidal perovskite nanoplatelet solutions with mixed halides.
Continuous shift of first excitonic absorption features shows bandgap tunability with halide
composition.

Figure 7. Photoluminescence spectra of n =1 PbBr and n = 2 MAPbBr nanoplatelets synthesized
with different ligand species. The reprecipitation method can be easily extended to other ligand
chemistries. See also Table S2 for formulation guidelines. Longpass filter (Cut-on wavelength: 400
nm) was used to filter out excitation UV light before photoluminescence spectrum collection and
it could have slightly altered n = 1 lead bromide nanoplatelet emission spectrum.
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DISCUSSION:

The product of this synthesis is colloidal lead halide nanoplatelets capped by alkylammonium
halide surface ligands (Figure 1a). Figure 1b demonstrates the synthetic procedure of colloidal
perovskite nanoplatelets via ligand-assisted reprecipitation. To summarize, constituent precursor
salts were dissolved in a polar solvent DMF in specific ratios for desired thickness and
composition, and then injected into toluene, which is nonpolar. Due to the abrupt change in
solubility, colloidal perovskite nanoplatelets started to crystallize instantaneously. When
preparing the mixed precursor solution, ratios between constituent precursors primarily
determined the thickness of resulting nanoplatelets (Figure S3), and the presence of excess
ligands in precursor solution was crucial to ensure the thickness homogeneity of the product
(Figure S4). In general, any polar solvent can be used to dissolve perovskite precursor salts while
any nonpolar solvent can be used to disperse colloidal nanoplatelets. However, miscibility of
those nonpolar and polar solvents is crucial for homogeneous synthesis of colloidal perovskite
nanoplatelets, and thus we chose DMF and toluene. Also, it is important to have nonpolar solvent
in large excess to the added polar solvent for the crystallization of perovskite nanoplatelets to
occur. Adding too much polar solvent increases the polarity of the resulting solvent mixture (i.e.
DMF + toluene), which can dissolve the nanoplatelets. Chloride- and cesium-incorporating
nanopatelets can also be synthesized by this approach (Figure S5), though the chloride-
containing nanoplatelets are nonemissive and the cesium-based nanoplatelets suffer from
inferior stability and thickness homogeneity relative to the methylammonium-based
nanoplatelets when synthesized via this method32. Finally, we note that onlythen=1and n=2
members have been synthesized with good thickness homogeneity by this method; attempts at
making thicker (n 2 3) nanoplatelets typically yield mixed-thickness dispersions (Figure S6).

Figure 2 shows the images of as-synthesized colloidal perovskite nanoplatelet solutions
illuminated by UV light, where the emission of the nanoplatelets can be clearly seen along the
beam path. Figure 3 shows the normalized photoluminescence (PL) and absorption spectra of
colloidal perovskite nanoplatelet solutions, which are consistent with previous reports3738°0.51,
demonstrating the tunability of perovskite nanoplatelets with thickness and constituent species.
For all nanoplatelets, strong excitonic features in the absorption spectra and significant blue-shift
of the spectra compared to bulk perovskites*> were observed due to strong quantum- and
dielectric-confinement. Changing the organic cation from methylammonium to formamidinium
did not significantly affect the band gap — either for bromide or iodide nanoplatelets — in
agreement with understanding of the valence electronic structure in lead halide perovskites?'3.
Table S1 summarizes the photoluminescence quantum vyields (PLQYs) of those colloidal
perovskite nanoplatelet solutions.

The two-dimensional structure of the perovskite nanoplatelets was confirmed by TEM and XRD.
In Figure 4, TEM images show partially overlapping two-dimensional perovskite nanoplatelets,
with individual lateral dimensions ranging from a few hundred nanometers to a micrometer. The
image contrast and random configuration of nanoplatelets on the TEM grid suggests that they
are dispersed in solution as individual sheets — rather than stacked lamellar crystals. Small, dark
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spherical dots appeared upon electron beam irradiation as observed in Figure 4, and they are
believed to be metallic Pb as previously reported3®°2, Due to the large lateral dimensions of
perovskite nanoplatelets, they preferentially lay flat on top of each other when cast into a film,
and periodic stacking peaks dominated the XRD pattern as shown in Figure 5. Considering that
the lattice constant for the cubic perovskite unit cell is ~ 0.6 nm>3, it can be deduced that the
organic ligand layer is 1 nm thick in stacked nanoplatelet films regardless of the nanoplatelet
species3®,

The absorption and emission resonance could be continuously tuned by varying the halide
composition. Figure 6 shows the normalized absorption spectra of colloidal n =1 PbX and n =2
MAPbX nanoplatelet solutions with varying ratios of bromide and iodide. Clear excitonic
absorption peaks indicate strong confinement of carriers in nanoplatelets, and continuous shift
of those peaks with halide composition demonstrates band gap tunability through halide
composition variation (Figure S8). However, photoluminescence spectra of mixed-halide
nanoplatelets exhibit broad or multiple features (Figure S9), which is possibly due to
photoinduced halide segregation.>*

The ligand-assisted reprecipitation method is particularly amenable to changing the identity of
the long-chain capping ligand, as shown in Figure 7. This opens up the possibility of tuning the
nature of the surface-bound organic species for the optimized performance of a specific device
or application®. We note, however, that the ratios between individual precursors may require
slight adjustment when employing new ligand species for the best thickness homogeneity of the
resulting system (Figure S10 and Table S2).

In conclusion, we have demonstrated a simple, versatile method for synthesizing colloidal lead
halide perovskite nanoplatelets of varying composition (Figure S11). The ligand-assisted
reprecipitation approach is potentially amenable to high-throughput synthesis and further data-
driven analysis. Thickness-, composition- and ligand-tunability can be achieved without any major
modifications in the synthetic protocols. Moving forward, it would be desirable to further
increase the photoluminescence efficiency to levels commensurate with other perovskite
nanocrystals?%32°6,
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UV-Vis spectrophotometer (Absorption spectra)
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X-ray diffraction (XRD) operating at 45 kV and 40 mA with a copper radiation source.
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Anhydrous, 99.8%
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Item 2: Please select one of the following items:

DOpen Access

EThe Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

12 Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

25 Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video - Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

S Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11, JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication inJoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

43; Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Response to the Editor

Editorial Comments

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar
issues.

Author response: We appreciate the editor’s reminder. We thoroughly proofread the manuscript. There are
still some words that Microsoft Word do not recognize (red-lined words in the manuscript such as
‘nanoplatelets’), but those words are widely used in the field of perovskites/semiconductor nanoparticles, and
we believe that the readers will not have any difficulty in understanding the manuscript.

2. Please do not use more than one note for each step.
3. Please avoid long notes/steps (more than 4 lines)

Author response: We appreciate the suggestion and modified the protocol to make sure that no more than
one note is used for each step. Also, we did our best to make notes/steps concise. There are a few steps or
notes that slightly exceed 4 lines, but it was inevitable to include all the necessary information.

4. Figure 5: Please provide a short description of the figure in Figure Legend.
5. Figure 6: Please provide a short description of the figure in Figure Legend.

Author response: Thanks to the editor’s suggestion, we have added a short sentence in the legends of Figure
2,3,4,5,6and 7, describing the main point for each figure.
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Nanoplatelets PLQY
n=1PbBr <0.1%
n =2 MAPbBr 6.8 %
n =2 FAPbBr 5.8 %
n=1Pbl 0.2%
n =2 MAPDI 0.9%
n =2 FAPbDI 0.7%

Table S1. Photoluminescence quantum yields (PLQY) of as-synthesized colloidal perovskite
nanoplatelets in toluene.

Note: Samples were excited using a 405 nm LED (Thorlabs) except n = 1 PbBr. n = 1 PbBr
nanoplatelet solution was excited using a 365 nm LED (Thorlabs), but sample emission peak was
too weak and below the detection limit of the setup.

Nanoplatelets |Ligands MABr PbBr, BABr HABr OABr DDABr |i-PABr
n=1 PbBr butylamine 0 1 2 0 0 0 0
n=1 PbBr hexylamine 0 1 0 2 0 0 0
n=1 PbBr octylamine 1 1 0 0 2 0 0
n=1 PbBr dodecylamine 0 1 0 0 0 2 0
n=1 PbBr isopentylamine 0 1 0 0 0 0 2
n=1 PbBr butylamine + octylamine 0 1 1 1 0 0 0
n=2 MAPbBr |butylamine 1 2 3 0 0 0 0
n=2 MAPbBr |hexylamine 1 2 0 5 0 0 0
n=2 MAPbBr |octylamine 1 2 0 0 10 0 0
n=2 MAPbBr |dodecylamine 1 2 0 0 0 5 0
n=2 MAPbBr |isopentylamine 1 2 0 0 0 0 5
n=2 MAPbBr |butylamine + octylamine 1 2 5 5 0 0 0

Table S2. Formulation guidelines for perovskite nanoplatelet precursor solutions with different
ligand species. Numbers in the table indicate the volumetric equivalents of each precursor
solutions (columns) that should be combined to achieve the targeted nanoplatelets (rows),
according to the concentration specifications in the protocol text.

Abbreviations: MABr: methylammonium bromide, PbBr2: lead bromide, BABr: butylammonium
bromide, HABr: hexylammonium bromide, OABr: octylammonium bromide, DDABY:
dodecylammonium bromide, i-PABr: isopentylammonium bromide
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Figure S1. Transmission electron microscopy (TEM) images of n = 2 MAPbBr nanoplatelets
synthesized by different injection methods with varying amounts of precursor solution.

‘0.2M and 0.5M precursor’ refer to MABr:PbBr:BABr:OABr = 1:2:5:5 mixture of 0.2M and 0.5M
individual (MABr, PbBr;, BABr and OABr) precursor solutions, respectively. For dropwise and swift
injection of precursor solution, a pipette and a syringe was used, respectively. n = 2 MAPbBr nanoplatelets
synthesized by different injection methods with varying amounts of precursor solutions did not show
noticeable differences in their shape, size and polydispersity.
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Figure S2. Photoluminescence spectra of (a) as-synthesized n = 2 MAPbBr nanoplatelet solution
and (b) after nanoplatelet precipitation and redispersion. (Insets: Images of (a) as-synthesized and
(b) precipitated perovskite nanoplatelet solutions.)

To maximize the visibility of nanoplatelet precipitation, 100 pL of 0.2M precursor solution, instead of
standard 10 pL, was injected dropwise into 10 mL toluene for this experiment. PL spectrum taken from
redispersed solution after precipitation still showed quantum-confined n = 2 MAPbBr nanoplatelet emission
with the same intensity and confirmed that precipitation occurred due to the aggregation of the nanoplatelets
instead of bulk (3D) perovskite formation.
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Figure S3. Example photoluminescence and absorption spectra of MA-deficit and Pb-deficit
attempts on synthesizing n = 2 MAPbBr nanoplatelets.

- MA and Pb deficit (Compared to the stoichiometric ratio of MABr:PbBr, = 1:2 for n = 2 MAPbBr
nanoplatelets) resulted in the formation of thinner and thickner nanoplatelets, respectively, along with
intended n = 2 MAPbBr nanoplatelets.

n =2 MAPbBr

- MABr:PbBrz:BABr:OABr = 1:2:1:1 (Stoichiometric)
—— MABr:PbBr2:BABr:OABr = 1:2:2.5:2.5 (2.5x excess ligands)
— MABr:PbBr2:BABr:OABr = 1:2:5:5 {5x excess ligands)

Photoluminescence [norm.]

- l :
400 450 500 550 600
Wavelength {nm)

Figure S4. Necessity of adding excess ligands in the precursor solution for precise thickness
control.

- Presence of excess ligands in the precursor solution was proven to be crucial to prevent the formation of
thicker nanoplatelets and ensure thickness homogeneity of the system.
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Figure S5. Normalized absorption spectra of n = 1 Pb(CI/Br) nanoplatelet solutions.
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Figure S6. Unsuccessful attempts on the synthesis of (a) n = 3 and (b) n = 4 MAPbBr
nanoplatelets.
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Figure S7. Transmission electron microscopy (TEM) images of n = 2 FAPbBr nanoplatelets.

- Dot-like structures observed in n =2 FAPbBr TEM image in Figure 4 seemed to be smaller nanoplatelets.
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Figure S8. First excitonic absorption peak energy as a function of halide composition in the
precursor solution for n = 1 PbX and n = 2 MAPbX nanoplatelets. Dotted lines show the straight
line between bromide-only and iodide-only nanoplatelet excitonic absorption energies.
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Figure S9. Normalized photoluminescence spectra of colloidal () n = 1 PbX and (b) n = 2
MAPDX perovskite nanoplatelet solutions with mixed halides.
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Figure S10. Normalized photoluminescence spectra of colloidal lead bromide perovskite
nanoplatelet solution with varying amounts of butylammonium bromide ligands added in the
precursor solution.

- When butylammonium was employed as the only ligand species in the system, standard ratio of
MABTI:PbBry:LBr = 1:2:10 (L: ligands) resulted in the formation of both n = 1 and n = 2 nanoplatelets. Ratio
had to be modified to MABr:PbBr,:LBr = 1:2:3 to retain the thickness purity in the system. In general, when
new ligand species is employed, it is likely that the relative amount of ligands in the precursor solution may
need to be slightly adjusted for precise thickness control.
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Figure S11. Schematic illustration of the synthetic protocol and its universal applicability in
synthesizing colloidal lead halide perovskite nanoplatelets with various thicknesses and
compositions.
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