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ABSTRACT: Metal halide perovskites, such as methylammonium e Bwsce »
lead halide (CH;NH,PbBr;), have recently attracted tremendous " PMSCs:z ~PLintonsity (3 &g K
attention due to their outstanding properties and promising jigand>> precursor § fz A A SUPEL
applications. Here, CH;NH;PbBr; perovskite magic-sized clusters 4 = w
(PMSCs) and perovskite quantum dots (PQDs) are synthesized by oj-";_ho? Doy ¢ <L o - sty RH-N'-’" L%
surface passivation with various organic acids and amines through a g O opp oo o T
ligand-assisted reprecipitation process (LARP). Their optical 2 C/N& —Aosorbancs — papd 5| TO0T g

PL Intansityy .

properties are investigated with ultraviolet—visible (UV—vis) B
absorption and photoluminescence (PL) spectroscopy. The precursor>>ligand
structures and optical properties of the PMSCs and PQDs can

be controlled by varying the ligand/precursor ratio and type as well

as the concentration of ligands. Specifically, a high ligand/precursor

ratio and excessive amines favor PMSCs, whereas excessive acids

lead to the generation of PQDs over PMSCs. As a result, we can tune between PQDs and PMSCs by changing the amine/acid ligand
ratio. Energy-dispersive X-ray (EDS) elemental mapping confirms the presence of the constituent elements of the perovskite,
namely, Pb and Br. With the help of Fourier transform infrared (FTIR) results, a model is proposed to explain the mechanism of
formation of both PQDs and PMSCs as well as their interconversion in terms of the ligands passivating the surface defect sites. This
study provides important insights into the fundamental growth mechanisms of perovskite nanostructures, especially in terms of the
interplay between the perovskite precursors and passivating ligands. The work has significant implications in applications of metal
halide perovskites in photonics and energy conversion.

PQDs

s Absorbance (a.u.)

KEYWORDS: methylammonium lead halide perovskites, quantum dots, magic-sized clusters, ligands, surface passivation

Bl INTRODUCTION Despite many advantages, there are two main challenges in
the research of both PQDs and PMSCs. First, PQDs and
PMSCs are unstable in high humidity and polar/protic
solvents,”*° and there are many deficits in the understanding
of their defect chemistry preventing their wide-scale
application.”””* Due to the ionic nature of the perovskite
core, there are many charging defects in perovskites, including
positive-charge defects (i.e., a halide ion vacancy leading to
undercoordinated Pb**), and negative-charge defects (ie. a
Cs*, CH;NH,", or CH(NH,)," cation vacancy and PbX,*~
antisite defects).** This leads to perovskite degradation during
storage or processing. After coming in contact with polar

Perovskite quantum dots (PQDs) have received increasing
interest due to their novel properties, such as high photo-
luminescence (PL) quantum efficiency and narrow but tunable
emission bandwidth. The emission can be easily tuned over the
entire visible spectrum by controlling the crystal size and halide
ion composition, which are attractive for light-emitting diodes
(LED),"™* solar cells,” " and other optoelectronic applica-
tions.' ~>”'°"'3 Compared with perovskite bulk materials,
PQDs exhibit tunable properties due to the quantum
confinement effect and an extremely large surface-to-volume
(8/V) ratio that allows for easy surface functionalization for
different applications."*"** Compared with conventional
PQDs, perovskite magic-sized clusters (PMSCs) with single Received:  October 28, 2020
size or narrow size distributions have narrower and bluer Accepted:  December 1, 2020
optical absorption bands and better-defined structures that are Published: December 10, 2020
desired for fundamental studies.”>*° For example, they are

good model systems for understanding the growth of larger

nanostructures including QDs or QD solids.”’3*
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media, such as alcohol and water, their colloidal properties
decay and their absorption and emission features deteriorate.*’

Both experimental and theoretical studies have shown that
surface passivation can be used to effectively control defect
activity in perovskites and improve their performance and
stability.””~** Passivation treatment often results in a
significant enhancement in PL and longer-lived excited
charge-carrier lifetime in perovskites, which is usually
interpreted as a decrease in nonradiative recombination
centers.*” Nenon et al. used the hard and soft acids and
bases concept to develop a general ligand passivation scheme
and showed that the tail group of carboxylates can be used to
selectively coordinate or dissociate the ligands.” Several
experimental studies have shown that the radiation recombi-
nation between charge traps is suppressed after the passivation,
resulting in a blue shift in the PL peak.”* >***~** Huang et al.
performed a systematic study on how the amount of ligands
(oleylamine and oleic acid), the precursor/ligand ratio, and the
reaction temperature affect perovskites.”> Tong et al. showed
that the size of the perovskites decreased and the emission
spectrum blue-shifted by controlling the degree of dilution.>*
These studies show that surface chemistry, such as the
composition and concentration of capping ligands, have a
significant impact on the optical properties of perovskites.”> >

Despite extensive studies of perovskite surface chemistry,” a
detailed understanding of ligand—perovskite interaction is still
lacking, especially in relation to PQDs and PMSCs. In our
recent work, the optical properties, size, and stability of the
PQDs and PMSCs are determined to be strongly ligand-
dependent. By changing the amount of capping ligands used,
we can easily tune PQDs to PMSCs or produce a mixture of
the two.”>~>> Additionally, PQDs can be obtained in a series
dilution of PMSCs in toluene.”® Higher concentrations or
stronger ligands favor PMSCs over PQDs because of the larger
S/V ratio, and effective surface passivation requires more
capping ligands. However, the possible effect of using different
types of ligands on the synthesis of PQDs and PMSCs is
currently unknown.

In this work, CH;NH;PbBr; PQDs and PMSCs were
synthesized through a ligand-assisted reprecipitation process
(LARP) with various organic acids and amines as capping
ligands. We investigated the effects of the capping ligand
concentration and the ligand/precursor ratio on the optical
properties of the perovskite nanostructures. Interestingly, an
excess of amine leads to the conversion of PQDs to PMSCs,
while excess acid favors PQDs over PMSCs. Fourier transform
infrared (FTIR) spectra have enabled us to identify a capping
ligand shell surrounding the PQDs and PMSCs, thus enabling
us to shed light on the possible passivation and transformation
mechanisms. We demonstrated two possible individual path-
ways for the controllable synthesis of PMSCs and PQDs with
tunable optical properties.

B EXPERIMENTAL SECTION

Materials. Methylammonium bromide (CH;NH;Br, 99.9%,
Greatcell Solar), PbBr, (99.999%, Alfa Aesar), n-octanoic acid
(OcA, 98.0%, Tokyo Chemical Industry), oleic acid (OA, 90%,
Sigma Aldrich), n-octylamine (OcAm, 98.0%, Tokyo Chemical
Industry), butylamine (BTYA, 99%, Oakwood Chemical), N,N-
dimethylformamide (DMF, 99.9%, Fisher Scientific), and toluene
(99.9%, Fisher Scientific) were commercially available. All chemicals
were used as received without any further purification.

Synthesis of CH;NH;PbBr; PQDs and PMSCs. In a typical
synthesis process of CH;NH;PbBr; PQDs and PMSCs, CH;NH;Br

(0.080 mmol, 9.0 mg), PbBr, (0.20 mmol, 73.0 mg), and 400 uL of
DMEF were added to a borosilicate vial and the solution was sonicated
and heated until all solid dissolved. Next, OcA (1.0 mmol, 167 uL)
was added to the solution and sonicated for 30 s. Then, OcAm (1.0
mmol, 160 yuL) was added to the solution and sonicated for 30 s.
One-hundred microliters of the precursor solution was injected at a
fast rate to 5.0 mL of toluene under vigorous stirring. CH;NH;PbBr;
perovskite samples were prepared by adding 50 uL of the as-
synthesized solution into 5.0 mL of toluene.

Other syntheses reported in this study were carried out using
similar reactions as above at a fixed precursor concentration and
different concentrations of ligands. It was observed that the color of
the solution changed from light yellow to yellow-green to clear and
colorless as the ligand/precursor ratio increased, and the resulting
solution remained clear for about 1.0 min before it gradually turned to
a milky white suspension.

Spectroscopic Measurements. Ultraviolet-visible (UV—vis)
absorption spectra were measured with an Agilent Technologies
Cary 60 UV—vis spectrophotometer, and the PL spectra were
measured using a HORIBA Jobin Yvon Fluoromax-3 spectrofluor-
ometer using a quartz cuvette (1.0 cm X 1.0 cm) at room
temperature. Scanning transmission electron microscopy (TEM)
was performed by drop-casting particles on an EM grid (Electron
Microscopy Sciences, CF-400-Cu) and acquiring scanning trans-
mission electron microscopy with high-angle annular dark-field
(STEM-HAADF) images with an FEI TitanX microscope operating
at an acceleration voltage of 300 kV at the National Center for
Electron Microscopy, Molecular Foundry, Lawrence Berkeley Na-
tional Laboratory. The STEM probe had a convergence angle of 10
mrad and a beam current of ~400 pA. Energy-dispersive X-ray
spectroscopy (EDS) was performed using an FEI TitanX microscope
operated at an acceleration voltage of 300 kV. FTIR spectra were
obtained with a PerkinElmer FTIR spectrometer (Spectrum One, a
spectral resolution of 4 cm™"), where the samples were prepared by
dropping the CH;NH;PbBr; solution onto a KBr pellet.

B RESULTS AND DISCUSSION

Optical Properties of CH;NH;PbBr; PQDs and PMSCs.
Here, we present results on the optical properties of the PQDs
and PMSCs synthesized using surface ligands comprising OcA
and OcAm. The PQDs and PMSCs consist of a CH;NH;PbBr;
perovskite core passivated with a combination of OcA and
OcAm as capping ligands, as illustrated in Scheme 1. While
OcA and OcAm are first used in the synthesis, it is the proton
transfer products that are more effective for passivation:
carboxylate and ammonium ions.

Figure 1 shows the UV—vis electronic absorption and PL
spectra of CH;NH;PbBr; PQDs and PMSCs with various
ligand/precursor ratios. The molar ratio of OcA/OcAm was
fixed at 1:1 with the concentration of OcA and OcAm varied as
0.025, 0.050, 0.25, 0.40, 0.50, and 1.0 mM, respectively. Three
absorption bands were observed with peaks at 452, 474, and
510 nm for 0.025 mM OcA and OcAm. In the case with 0.050
mM OcA and OcAm, only one absorption peak at 438 nm was
observed. With 0.25 mM OcA and OcAm, the absorption peak
shifted to 430 nm and remained unchanged even after the
ligand amount was further increased to 1.0 mM for both OcA
and OcAm. According to previous studies, the range of 450—
520 nm broader excitonic absorption peaks is attributed to
PQDs,”"~%” while the single sharp excitonic absorption peak at
around 430 nm is assigned to PMSCs.”*>*°

In the PL spectra, three PL emission peaks at 455, 475, and
513 nm were observed for 0.025 and 0.050 mM OcA and
OcAm, while three PL emission peaks were observed at 436,
455, and 475 nm for 0.25 mM OcA and OcAm. Two PL
emission peaks were observed at 436 and 455 nm for 0.40 mM

https://dx.doi.org/10.1021/acsanm.0c02894
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Scheme 1. Illustration of PQDs or PMSCs Passivated with a
Combination of OcA and OcAm Ligands
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Figure 1. (A) UV—vis absorption and (B) PL spectra of
CH;NH;PbBr; PQDs and PMSCs with various ligand/precursor
ratios. The molar ratio of OcA/OcAm was fixed at 1:1, and the
amounts of OcA and OcAm varied as 0.025, 0.050, 0.25, 0.40, 0.50,
and 1.0 mM, respectively.

OcA and OcAm. With 0.50 and 1.0 mM OcA and OcAm, only
one PL emission peak at 436 nm was observed. The PL
emission peak at 513 nm corresponds to PQDs, while the
strong and sharp excitonic emission peak at 436 nm is assigned
to PMSCs, and the strong PL emission peak at 455 nm is not
expected and may be due to the trap states of PMSCs.”® The
weak PL emission peak at 475 nm corresponds to smaller size
PQDs. Details of the UV—vis absorption and PL emission
peaks of CH;NH,PbBr; PQDs and PMSCs with various
ligand/precursor ratios are summarized in the Supporting
Information (Table S1).

Figure 2 shows the UV—vis absorption and PL spectra of
CH;NH,PbBr; PQDs and PMSCs with different amounts of
OcAm and OcA fixed at 0.50 mM. The absorption spectrum
has multiple excitonic peaks at a low OcAm concentration (i.e.,
0.050 mM). Upon increasing the OcAm concentration to 0.25
mM, the intensities of the longer wavelength absorption peaks
decreased, while those at shorter wavelength increased. With
further increasing OcAm to 0.50 mM, only the absorption peak
around 431 nm is retained. This may indicate that PMSCs are
being formed.”® With 6.25 mM OcAm, an additional
absorption peak was observed at 396 nm. Based on the
previous study from our group, this peak can be attributed to
molecular clusters (MCs).26’6‘
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Figure 2. (A) UV—vis absorption and (B) PL spectra of OcA—OcAm
CH;NH;PbBr; PQDs and PMSCs with different amounts of OcAm
and OcA fixed at 0.50 mM. The amount of OcAm varied as 0.050,
0.125, 0.25, 0.50, and 6.25 mM, respectively.

A similar trend is observed in the PL spectra. Initially, for
0.050 mM OcAm, there was one broad emission peak at 513
nm, which was attributed to PQDs. As the concentration of
OcAm increased (i.e.,, 0.125 mM), a new peak appeared at 455
nm, which was related to the trap state of PMSCs and
accompanied by two shoulder peaks at 436 and 470 nm,
attributing to PMSCs and smaller size PQDs formed,
respectively. With further increasing OcAm concentration
(i.e., 0.25 mM), the relative intensity of the blue shoulder peak
at 436 nm continuously increased. A single PL emission peak
at 436 nm was observed at high OcAm concentrations (i.e.,
0.50 and 6.25 mM), indicative of pure PMSCs. Details of the
UV—vis absorption and PL emission peaks of CH;NH;PbBr;
PQDs and PMSCs with different amounts of OcAm are
summarized in the Supporting Information (Table S2).

Figure 3 shows the evolution of the optical properties of the
obtained CH;NH;PbBr; PQDs and PMSCs with different
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Figure 3. (A) UV—vis absorption and (B) PL spectra of OcA—OcAm
CH;NH,PbBr; PQDs and PMSCs with different amounts of OcA and
OcAm fixed at 0.50 mM. The amount of OcA varied as 0, 0.050,
0.125, 0.25, 1.0, and 2.5 mM, respectively.

concentrations of OcA with OcAm fixed at 0.50 mM.
Interestingly, when adding only OcA as a capping ligand, the
perovskite solution showed an exciton absorption peak at 438
nm and a PL peak at 439 nm, which is attributed to PMSCs.
With the addition of OcA to 2.5 mM, the absorption maximum
blue-shifted to 420 nm, while the PL peak blue-shifted from
439 to 435 nm. The blue shift could be explained by the strong
quantum confinement effect due to the formation of extremely
small size PMSCs relative to the exciton Bohr radius.”' Details
of the UV—vis absorption and PL emission peaks of
CH;NH,PbBr; PQDs and PMSCs with different amounts of
OcA are summarized in the Supporting Information (Table
S3).

As the ligand/precursor ratio and OcAm concentration
increases, the first absorption peak blue-shifts from 510 to 430
nm while the first PL peak blue-shifts from 513 to 436 nm. In

https://dx.doi.org/10.1021/acsanm.0c02894
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Figure 4. (A) STEM-HAADF image of OcAm PMSCs, (B—D) EDS elemental mapping of Pb (red), Br (green), and composite map (scale bar, 40
nm), (E) STEM-HAADF image of OA—OcAm PMSCs, (F—H) EDS elemental mapping of Pb (green), Br (red), and composite map (scale bar, SO
nm), (I) STEM-HAADF image of OA—OcAm PQDs, and (J—L) EDS elemental mapping of Pb (green), Br (red), and composite map (scale bar,

40 nm).

addition, the multiple absorption and PL bands at longer
wavelengths disappeared. However, as the OcA concentration
increases, slight blue shifts from 438 to 420 and 439 to 435 nm
are found in the absorption and emission bands, respectively.
These results suggest that the high ligand/precursor ratio and
excessive OcAm favor CH;NH;PbBr; PMSCs over PQDs. To
better understand the intricate effect of different amine and
acid ligands on the formation of CH;NH;PbBr; PQDs and
PMSCs, a series of control experiments with ligand variations
were conducted by replacing OcAm with BTYA and OcA with
OA under otherwise identical conditions.

UV—vis absorption and PL spectra of OcA—BTYA and
OA—OcAm CH;NH;PbBr; PQDs and PMSCs with different
amounts of amine while the amount of the acid was fixed at
0.50 mM are shown in the Supporting Information (Figure
S1). For OcA—BTYA CH,;NH,;PbBr; PQDs and PMSCs, five
absorption bands were observed with peaks at 405, 438, 454,
471, and 508 nm with 0.050 mM BTYA. The 405 nm
absorption peak is attributed to MCs,” the 438 nm peak is
attributed to PMSCs, the 454 nm peak is due to the trap state
of PMSCs, and the 471 and 508 nm peaks are attributed to
PQDs of different sizes. Only one absorption peak at 438 and
405 nm was observed with 0.25 and 1.5 mM BTYA,
respectively. For OA—OcAm CH;NH;PbBr; PQDs and
PMSCs, three absorption bands were observed with peaks at
450, 470, and 508 nm with 0.050 mM OcAm. Only one
absorption peak at 426 nm was observed with 0.125 and 0.25
mM OcAm. With 1.0 mM OcAm, the absorption peak shifted
to 396 nm.

A strong PL emission peak at 518 nm was observed with
0.05 mM BTYA for OcA—-BTYA CH;NH;PbBr; PQDs and
PMSCs. Interestingly, three PL emission peaks at 455, 475,
and 500 nm were observed with 0.125 and 0.25 mM BTYA,
while only one sharp excitonic absorption peak is observed in

12382

the corresponding absorption spectra. This could be due to
different sized PQDs forming in solution. With 1.5 mM BTYA,
only one PL emission peak at 436 nm was observed, indicating
pure PMSCs. For OA—OcAm CH;NH;PbBr; PQDs and
PMSCs, a strong PL emission peak at 513 nm was observed
with 0.05 mM OcAm. As the amount of OcAm increases, the
PL emission peak blue-shifts to 436 nm. Details of the UV—vis
absorption and PL emission peaks of CH;NH;PbBr; PQDs
and PMSCs with different amounts of amine are summarized
in the Supporting Information (Table S2).

UV—vis absorption and PL spectra of OcA—BTYA and
OA—OcAm CH;NH;PbBr; PQDs and PMSCs with different
concentrations of the acid as a capping ligand while the
concentration of amine was fixed at 0.50 mM are shown in the
Supporting Information (Figure S2). When OcAm was
replaced with BTYA, two absorption peaks were observed at
407 and 440 nm, corresponding to MCs and PMSCs,
respectively. With the addition of OcA, the absorption peak
at 404 nm gradually disappeared. When the amount of OcA
increased to 2.5 mM, only one absorption peak at 431 nm was
observed. When OcA was replaced with OA by retaining
OcAm, the absorption peak blue-shifted to 420 nm as the
amount of OA increased.

Meanwhile, for the OcA—BTYA CH;NH;PbBr; sample,
initially, there were two excitonic emission peaks at 410 and
440 nm, which were attributed to MCs and PMSCs,
respectively. With the addition of OcA, a new emission peak
appeared at 488 nm, which was attributed to PQDs, and then
blue-shifted to 455 nm, which was the trap state of PMSCs.
With the addition of OcA to 2.5 mM, there was only one
emission peak at 440 nm, accompanied by the disappearance
of multiple PL bands, indicative of pure PMSCs. For OA—
OcAm CH;NH;PbBr; PQDs and PMSCs, although the
addition of OA did not affect the main emission peak at 436

https://dx.doi.org/10.1021/acsanm.0c02894
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nm, several weak emission bands appeared at 452, 470, and
513 nm. However, for high concentration OA samples (i.e., 1.0
and 2.5 mM), the three weak emission peaks disappeared. This
may be caused by the formation of PQDs, but the large excess
of amine would have the ability to render them down into
PMSCs. Details of the UV—vis absorption and PL emission
peaks of CH;NH;PbBr; PQDs and PMSCs with different
amounts of the acid are summarized in the Supporting
Information (Table S3).

As the amount of amine increased, the absorption and
emission characteristics of both OcA—BTYA and OA—OcAm
samples showed a continuous blue shift. However, as the
concentration of the acid increased, the absorption showed a
minor blue shift from 438 to 420 nm and the PL emission peak
around 436 nm gradually increased. This is similar to the case
of OcA—OcAm samples, which reveals that it would be
possible to obtain pure PMSCs with only one peak at a fixed
wavelength in the PL spectra by controlling the ligand
concentration. These results clearly point to the pivotal role
that amine plays in the formation of PMSCs.

Structural Properties of CH;NH;PbBr; PQDs and
PMSCs. Figure 4 shows STEM-HAADF images of representa-
tive samples of OcAm PMSCs, OA—OcAm PMSCs, and OA—
OcAm PQDs. The average particle sizes for the samples of
OcAm PMSCs, OA—OcAm PMSCs, and OA—OcAm PQDs
are 4.1 + 0.9, 4.9 + 1.7, and 5.0 + 0.9 nm, respectively. High-
resolution TEM (HRTEM) and size distribution histograms
are provided in the Supporting Information (Figure S3). The
PMSCs are larger than estimated based on the previous
literature.””*® This may be due to further growth or
aggregation of the PMSCs into a larger structure during the
preparation of the EM grid. In the process of making the EM
grid, the toluene solvent evaporates to produce a super-
saturated solution, which may make the PMSCs grow or
aggregate into a larger structure during the drying process. A
combination of HAADF with EDS elemental mapping
confirms the presence of the constituent elements of the
perovskite, namely, Pb and Br (Figure 4B,C,F,G,J,K). The
relative ratio of the Pb/Br ratio of PMSCs and PQDs was also
determined by applying EDS measurements (see Table S4 in
the Supporting Information).

FTIR spectra were measured to understand the state of the
surface ligands in CH;NH;PbBr; PQDs and PMSCs. As shown
in Figure 5, for OcAm PMSCs, the characteristic bands at 2855
and 2923 cm ™' are assigned to symmetric and asymmetric CH,
stretching modes,”"** and the band at 1465 cm™' can be
assigned to CH, bending vibration. The NH, bending at
around 1600 cm™ shifts to 1577 cm™' upon coordination to
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Figure S. FTIR spectra of OcAm PMSCs, OA—OcAm PMSCs, OA—
OcAm PQDs, OcA—OcAm PMSCs, and OcA—OcAm PQDs: (A)
overall peak shape and (B) 1200—1800 cm™' range.

metals, indicating the presence of OcAm on the PMSC surface.
For OA—OcAm PMSCs, the bands at 1450 and 1580 cm™! are
corresponding to the symmetric and asymmetric stretching
vibrations of the COO~ group, respectively.” The bands at
1493 and 1602 cm™ are attributed to the symmetric and
asymmetric deformation vibrations of the NH;* group,
respectively.”® A relatively broad band in the 1530—1600
ecm™ range emerges in OcA—OcAm PMSC FTIR spectrum,
which can be attributed to the superposition of the COO™
asymmetric stretching vibration and NH,;" symmetric and
asymmetric deformation vibrations.”” For OA—OcAm PQDs
and OcA—OcAm PQDs, the characteristic peaks at 1410 and
1711 cm™" are attributed to the asymmetric and symmetric
vibrations of C=0 and C—O in the carboxylic acid form.”>**
The FTIR results indicate that the surface of PMSCs primarily
has amine, NH;*, and COO~, while PQDs have the acid,
COO7, and NH;". The detailed FTIR results are summarized
in the Supporting Information (Table SS).

PMSC:s are formed only when the concentration of amine is
high. To help understand the reason behind, we calculated the
reaction equilibrium constants (K,y) for OcA with OcAm and
OA with OcAm. The Keq values of OcA/OcAm and OA/
OcAm are calculated to be 7.58 X 10° and 5.62 X 10°,
respectively (details are given in the Supporting Information).
OcA and OA can transfer protons to OcAm, generating
ammonium cations (NH;*). High amine concentration leads
to more NH;", which can effectively passivate Br~ defects.

For OcAm PMSCs without acid ligands, while OcAm can
passivate surface Pb** or CH,NH;" defects using lone pair
electrons on the N atom, there is no cationic ligand available to
passivate the Br~ defects, resulting in poor stability as
observed.

In contrast, we found that high acid ligand concentration
favors PQDs over PMSCs. In this case, amine deprotonates
carboxylic acid into a carboxylate anion (COO~), which
should be effective in passivating Pb** and CH,NH;" defects.
Based on this, we suggest that the PMSC surface is mainly
passivated by amine and NH;" ligands, while the PQD surface
is primarily passivated by the acid (using lone pair electrons on
O) and COO™. This suggestion is supported by the FTIR
results.

Mechanism of Ligand-Promoted Perovskite Forma-
tion. Figure 6 illustrates the proposed growth mechanisms for
CH;NH;PbBr; PQDs and PMSCs, and the dependence of
their conversion on the amount and ratio of ligands. At low
ligand concentrations, only PQDs form, while PMSCs cannot
form, since they require better passivation than PQDs due to
smaller size and a larger S/V ratio, which can be achieved via
either a high concentration of ligands or strong ligands.”*™>°
Once the ligand concentration increases, the probability of
forming PMSCs increases, as excessive ligands can provide the
passivation needed by the PMSCs.

At least three types of surface defect sites are expected for
CH;NH;PbBr; perovskites due to the three components:
CH,NH,", Pb**, and Br~.°*® In the case of CH;NH,PbBr,
PQDs, the acid and amine ligands are used in conjunction, and
the proton transfer reaction between them leads to R—COO™
that binds to CH;NH;* or Pb?* and to R'—=NH;* (R or R’ =
alkyl chain) that binds to Br~. The protonation reaction
between amine and acid ligands can be described by eq 1

R — COOH + R’ — NH, & R - COO™ + R’ — NH;*
(1)
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Figure 6. Schematic illustration of the growth mechanism of
CH;NH;PbBr; PQDs and PMSCs, and dependence of their
conversion on the amount and ratio of ligands.

Considering that the acid was mixed with amine with a
higher molar ratio (10:1), the excess carboxylic acid can also
passivate cationic defect sites with the lone pair electrons in the
oxygen atoms in the —COOH group, which is likely less
effective compared to the ionic ligands generated following eq
1.

In the case of CH;NH;PbBr; PMSCs, the general strategy of
passivation is very similar to that of PQDs. The main difference
is that PMSCs are smaller than PQDs and have a larger S/V
ratio and therefore require better protection with ligands.
Based on eq 1, a high concentration of the acid or amine ligand
helps to push the reaction to the right-hand side and produce
more R—COO~ and R’'—NH;*, which are expected to
passivate perovskite surface defects more effectively, thus
leading to the formation of PMSCs.

Interestingly, CH;NH;PbBr; PMSCs can also be obtained
by adding only a high concentration of amine as a ligand. This
is possibly because amine is a strong ligand for passivating
surface defects. The amine ligand can directly bind to Pb** or
CH;NH;" because it can readily donate lone pair electrons on
the nitrogen atom to Pb** or CH;NH;" to form a Pb**—amine
or CH;NH;*—amine bond. When the acid is added and the
amine is converted into ammonium, the R'—NH;* and R—
COO™ produced via eq 1 can now passivate respective anionic
(Br7) and cationic (Pb** and CH,NH,*) charged surface
defects, similar to what happens for PQDs.

The surface passivation mechanism of CH;NH;PbBr; PQDs
and PMSC:s is illustrated in Figure 7. In general, excess ligands
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Figure 7. Schematic diagram illustrating the surface passivation
mechanism of (A) CH;NH,;PbBr; PQDs and (B) PMSCs surface
defects.

are essential for efficient passivation and therefore for the
generation of PMSCs that are smaller in size and have larger S/
V ratios than PQDs, thus requiring better passivation than
PQDs. As the concentration of ligands increases, especially
amine ligands, the passivation becomes more effective and
PMSCs become more dominant over PQDs. Excessive amine
can thus lead to the conversion of PQDs to PMSCs.

Bl CONCLUSIONS

In summary, CH;NH;PbBr; PQDs and PMSCs were
synthesized using two different acid capping ligands, OcA
and OA, and two different amine ligands, OcAm and BTYA.
The effects of the ligand/precursor ratio and the concentration
of ligands on the optical properties of PMSCs and PQDs were
investigated. For all of the samples, a conversion from PQDs to
PMSCs was observed, with a high ligand/precursor ratio and
excessive amines favoring CH;NH;PbBr; PMSCs over PQDs.
We suggest that with an increase in the concentration of
ligands, especially amine ligands, the passivation becomes more
effective and PMSCs become more dominant over PQDs due
to effective chemical passivation of the surface. FTIR analysis
further elucidated the surface ligand composition and the
underlying coverage mechanism. This study helps to gain
deeper insights into the controllable synthesis and growth
mechanism of CH;NH;PbBr; PMSCs and PQDs with tunable
electronic and optical properties. This has important
implications in applications of perovskite materials in the
fields of photonics and energy conversion, including solar cells,
LEDs, and sensing. The strategy developed in using the amine/
acid ratio to control the relative amount of PMSCs and PQDs
produced should be general and can be easily extended to
other amines and acids for such purposes.
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