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We report the rapid separation and purification of lead halide perovskite quantum dots (QDs) in a nonpolar
solvent by using a convenient and efficient differential separation method. Size-selective precipitation
effectively separates the perovskite QDs from larger aggregates and provides direct evidence for strong
quantum confinement in the photoluminescence (PL). Significantly, the size-selected perovskite QDs are
readily well-dispersed in a nonpolar solvent and remain stable in ambient air (humidity > 60%) for >20
days. These enable measurement of the electronic band structure of versatile perovskite QDs as
a function of size for the first time. Despite a clear blue-shift of the optical bandgap, the lowest
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Halide perovskites (ABX;, X = Cl, Br, or I) are among the most
intensively studied semiconductor materials offering unique
electrical and optical properties that are particularly demanded
in versatile optoelectronic applications such as lasers, light-
emitting diodes (LEDs), photodetectors and solar cells." In
contrast to conventional semiconductor materials such as Si
and Ge,*” the optical properties of halide perovskites can be
readily tuned by adjusting their components, ie., halide
content, yielding strong photoluminescence (PL) across the
whole visible spectrum.® It has been recognized that bright and
efficient blue emission plays a key role in the development of
halide perovskite LEDs. Current progress in blue perovskite
LEDs largely benefits from the component engineering for
bandgap tuning, ie., using mixed halide perovskites.®*
Although green and red LEDs incorporating halide perovskites
have shown remarkable external quantum efficiency (EQE) over
20%,"** the fabrication of efficient and stable blue LEDs
remains challenging largely due to the fact that the blue-
emitting perovskites using mixed halide ions usually suffer
from severe ion migration and phase segregation under external
excitation of light or bias voltage,"*'* impeding device perfor-
mance and thereby the niche market application of perovskite
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dependent tunability for property-specific perovskite-QD based optoelectronic applications.

LED technologies. Nevertheless, such a challenge may be con-
fronted by taking advantage of the size-dependent tunability of
optical properties in terms of the quantum size effect, ie.,
quantum dots (QDs).**** The quantum size effect describes
changes in the electronic band structure of a semiconductor as
a result of reduction in the dimensionality below a certain
threshold.” ™ The quantum confinement, on one hand, gives
rise to a blue-shift of the PL energy. On the other hand, it also
causes perovskite QDs to emit light much more efficiently than
their bulk counterparts.>®*

To meet the requirement of perovskite optoelectronic tech-
nologies, effective technical methods to attain size-tunable
monodisperse perovskite QDs are still highly desired. To date,
many approaches have been developed for synthesizing various
kinds of halide perovskite QDs. Kovalenko et al. reported
a facile hot injection method for colloidal synthesis of CsPbX;
QDs with cubic shape and cubic perovskite crystal structure.”
Dong et al. reported a ligand-assisted re-precipitation colloidal
strategy to prepare brightly luminescent and color-tunable
CH;NH;PbX; perovskite QDs with high quantum yields and
low excitation fluencies.”® Petrozza et al. demonstrated the
synthesis of ligand-free CH;NH;PbX; perovskite QD inks that
are suitable for large-area processing by laser ablation.** Ogale
et al. showed the synthesis of perovskite quantum structures by
using an electrospray technique in conjunction with an anti-
solvent-solvent extraction.”® However, many of the synthetic
methods produce perovskite QD suspensions with poor
morphology and considerable size  polydispersity.*
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Consequently, a complex post-synthesis size-purification
process is usually required, resulting in significant loss of the
perovskite QD products.*”

Nanoseparation represents an important and effective
complementary process to prepare monodisperse nanoparticles
for size-dependent electrical and optical properties.”®* In
particular, differential separation is a centrifugal method based
on the different settling velocity of nanoparticles in a homoge-
neous media that has been widely used especially for the
separation and extraction of nanoparticles which contain a big
weight difference between the fragments.*® The separation and
purification of metal nanoparticles and typical colloidal semi-
conductor QDs such as Si and CdSe in organic density gradient
have been demonstrated by using differential centrifuga-
tion.>***> However, there have been very few attempts to
separate perovskite QDs and the preparation of monodisperse
perovskite QDs using size-separation methods is still in its
infancy. Thus, knowledge with respect to the definite size-
dependent electronic band structure properties of perovskite
QDs remains incomplete, in contrast to conventional semi-
conductor QDs.

In this work, we employ a room-temperature ligand-
mediated transport method which is capable of synthesizing
a variety of organic-inorganic and inorganic halide perovskite
QDs with strong PL (quantum yields (QYs) up to 90%) including
MAPDI;, MAPDbBr;, FAPbI;, FAPbBr; and CsPbBr; QDs (MA =
CH;NH;, FA = HC(NH,),).>* The obtained perovskite QDs sus-
pended in the crude solutions are surface-terminated by long
alkyl chains such as oleic acid and octylamine. We then intro-
duce differential separation as a straightforward and efficient
experimental method for preparing monodisperse fractions of
perovskite QDs with tunable sizes. Our results reveal that the
selection of proper solvents with low polarity is the key for
realizing rapid separation and purification of perovskite QDs
through differential centrifugation. The size-selected perovskite
QDs remained in nonpolar solvents such as hexane and exhibit
stable and tunable PL with small band width under ambient air
conditions, enabling investigations of their size-dependent
electronic band structure properties which is crucial to the
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development of property-specific perovskite-QD based opto-
electronic applications.**

Results and discussion

Versatile halide perovskite QDs were synthesized by a room-
temperature, ligand-mediated transport method under
ambient conditions (Fig. S1 and S27). Fig. 1a representatively
shows the image of a crude solution of MAPbI; perovskite QDs.
Broad optical emission accompanying with multiple peaks
expanding from ~550 to 800 nm is observed in the associated
PL spectrum (Fig. 1a). Low magnification transmission elec-
tronic microscopy (TEM) image (Fig. 1b) shows spherical
particles with considerable size polydispersity, indicating that
the crude solution of perovskite QDs contains both big and
small particles. High-magnification TEM image (Fig. 1c)
demonstrates that the perovskite QDs are consist of a crystalline
perovskite core featuring well-defined lattice patterns and
consistent with previous report that the perovskite QDs have an
orthorhombic crystal structure.*® Fourier transform infrared
(FTIR) spectroscopy measurement demonstrates extensive alkyl
termination of the QD surface (Fig. S37). This high degree of
alkyl surface coverage provides perovskite QDs with excellent
colloidal stability, an important requirement for size separa-
tions. For an ideal spherical nanoparticle with the core density
(pc), radius (r), and the shell density (ps), thickness (t) (Fig. 2a),
the particle density (p,) may be estimated as*

Pp = Ps + (/)c - /)s)rsl(r + [)3 (1)

From the above equation it can be deduced that the p;, of
a colloidal nanoparticle system would increase when r increases
with respect to ¢. When the nanoparticle is sufficiently large, p,,
becomes equal to p.. All nanoparticles tend to sediment when
they are driven by a centripetal force during spinning. The
terminal velocity is determined by r, pp, and the centrifugal
force (g) by balancing the centrifugal force against buoyancy
and viscous drag. An increase in r, p,, or ¢ would make the

(a) PL spectrum of the crude solution of MAPbls QDs before centrifugation. Inset shows a typical image of the crude solution of MAPbls

QDs in toluene. (b) Low magnification and (c) high magnification TEM image of MAPbl; QDs derived from the crude solution showing size

polydispersity.
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Fig. 2 (a) Schematic illustration of a typical differential size separation method. The structure of a colloidal nanoparticle including an inorganic
core and an organic shell is also illustrated. (b) Images of colloidal suspensions of size-selected alkyl-capped MAPbls and MAPbBr3 perovskite
QDs dispersed in hexane under ambient light (left) and UV light (right). (c) Full-visible PL spectra obtained from the size-selected MAPbls and
MAPDBr3 perovskite QDs. (d) PL spectra of the MAPbBr3 perovskite QDs dispersed in hexane under different excitaion wavelength.

colloidal nanoparticles sediment faster, and thus promote size which is accomplished by repeatedly centrifuging a colloidal
separation. Fig. 2a schematically illustrates the differential suspension from low speed to high speed in order to achieve
separation method for rapid separation of perovskite QDs separation. Specifically, different sized perovskite nanoparticles
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Fig. 3 (a—c) PL spectra of MAPbIs perovskite QDs obtained from different centrifugation speeds. The solvents for differential separation are
toluene (polarity 2.4), chlorobenzene (polarity 2.7) and hexane (polarity 0.06), respectively. (d) The wavelength of the emission peak in (c),
summarizing the blue-shift in PL observed with increasing spinning speed. The FWHM for each emission peak is also indicated.
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move toward the bottom of centrifuge tube with different
settling rates, and the mixture would be gradually separated
into two parts, ie., the large ones in the precipitate and the
smaller ones in supernatant. In general, low centrifugation
speed was firstly used to precipitate the large perovskite parti-
cles to the bottom of the centrifuge tube. After removing the
precipitate, higher centrifugation speed was employed for the
residual suspension, and small particles would then
precipitate.*

Fig. 2b representatively shows the PL spectra of size-
separated MAPDbI; and MAPDBr; perovskite QDs obtained
from the differential selection. The perovskite QDs exhibit
spectrally narrow PL with full-width half maximum (FWHM) of
12-50 nm that is tunable across the full visible spectrum
without modifying the component. Fig. 2c shows typical images
of colloidal suspensions of the alkyl-capped MAPbI; and
MAPDBTr; perovskite QDs in hexane under ambient light and UV
light iradiation. The PL spectra of MAPbBr; perovskite QDs
dispersed in hexane under different excitaion wavelength was
shown in Fig. 2d. The QY of the QDs in hexane is measured to be
92%. The strong and bright PL observed in perovskite QDs
originates from an increased exciton binding resulting from the
quantum confinement given the fact that the excitons that were
confined in a small volume could lead to very efficient radiative
recombination.*

We find that the selection of proper solvent plays a crucial
role on the rapid size separation of perovskite QDs through
differential separation. Fig. 3 representatively shows the PL
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spectra of MAPDbI; QDs extracted from different centrifugation
speeds. Particularly, three solvents, i.e., toluene, chlorobenzene
and hexane with different polarity were employed for the
separation of MAPbI; QDs by centrifugation. It is found that the
use of toluene (polarity 2.4) leads to MAPbI; QDs with two
defined emission peaks (Fig. 3a), suggesting that both large and
small QDs precipitate during the spinning process. Subse-
quently, chlorobenzene (polarity 2.7) was also employed for
separation of the same MAPbI; QDs (Fig. 3b). Similarly, the PL
of precipitated MAPbI; QDs is also featured with two emission
peaks. By contrast, the use of hexane (polarity 0.06) leads to PL
with a single emission peak. This implies that the polarity of
solvent plays the key role for the sequential precipitating of
MAPDI; QDs (Fig. 3c). Impressively, when the spinning speed
gradually increases from 1000 rpm to 6000 rpm, the PL peak of
MAPbI; QDs monotonically blue-shifts from 618 nm to 567 nm
(Fig. 3d). MAPbI; QDs with larger size emitting from 618 nm to
750 nm (bulk MAPbI;)** cannot be acquired by centrifugation in
less than 1000 rpm largely due to the influence of unreacted
precursors. In terms of the quantum size effect, the PL wave-
length (energy) is directly correlated to the perovskite QD size

(d) as
E‘g = Ebulk + 3h2'rc/2m*d2 (2)

where E, is the bandgap of QDs, Ey,yx is the bandgap of the bulk
material, # is the reduced Planck constant, and m* is the
effective mass of carriers.?” Therefore, a continuous shift of the
PL peak toward higher energy implies a monotonic decrease of
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(a—c) TEM images and (d—f) the corresponding size analysis of monodisperse MAPbIs perovskite QDs obtained by differential
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the QD size, highlighting the effective separation of the MAPbI;
QDs by using centrifugation. The size-selected MAPbI; QDs
exhibit strong PL with small FWHM (<50 nm) which is on par
with those reported in the literatures.”**® Fig. 4a-c shows the
corresponding TEM images of monodisperse MAPbI; QDs ob-
tained by centrifugation. Size analysis of these perovskite QDs
are presented in Fig. 4d-f, respectively. No aggregation of the
perovskite QDs is observed, indicating that the organic ligands
at the QD surface could give rise to enough steric force to enable
well-separated QDs. Similar results have also been observed for
the MAPDbBr; QDs, signifying the potential of differential
centrifugation on the rapid size selection of perovskite QDs.

It is noteworthy that the size purification through spinning
in nonpolar solvent provides better stability for perovskite QDs
under ambient air (humidity > 60%), compared with those in
polar solvents. Fig. 5a representatively shows the UV-vis
absorption spectra of the toluene, chlorobenzene and hexane
solutions of MAPbBr; QDs. Due to the aggregation-induced
light scattering, the toluene and chlorobenzene solutions of
MAPDBr; QDs exhibit apparent sub-bandgap optical absorption
when the wavelength is >~540 nm. However, the optical
absorbance of hexane solution of MAPbBr; QDs is almost zero
in the long-wavelength region, suggesting their light scattering
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is negligible.*® The stability of MAPbBr; QDs in toluene, chlo-
robenzene and hexane can be further investigated by recording
the optical absorption of the QD colloids during the course of
storage in ambient air (Fig. 5b-d). It can be seen clearly that the
optical absorption for toluene and chlorobenzene solutions
drops dramatically as the storage time increases to 6 days. By
contrast, the optical absorption changes slightly for the hexane
solution. Particularly, there is almost no change in absorption
spectra of the hexane solution of MAPbBr; QDs when the
storage time further increases up to 20 days. This means that
the size-selected perovskite QDs are better dispersed and more
stable in hexane than in toluene and chlorobenzene, well
consistent with the results present in Fig. 3. Additional UV-Vis
study on the MAPDI; perovskite QDs further confirms their
improved stability in nonpolar solvent under ambient condition
(Fig. s4t).

Fig. 6 shows the corresponding PL spectra of toluene, chlo-
robenzene and hexane solutions of MAPbBr; and MAPDI;
perovskite QDs and the same solutions after stored in air for 6
days and 20 days, respectively. It is found that the PL peaks of all
perovskite QD solutions change with the storage time. Notably,
the PL peak of MAPbI; QD hexane solution red-shifts from
652 nm to 668 nm. On the contrary, the PL peak for MAPbBr;
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(a) UV-vis absorption of MAPbBr3 perovskite QDs dispersed in toluene, chlorobenzene and hexane. (b—d) UV-vis absorption of toluene,

chlorobenzene and hexane solutions of MAPbBrz perovskite QDs and the same solutions after stored in air for 6 days and 20 days, respectively.
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ambient air for 6 days and 20 days, respectively. (d—f) PL spectra of toluene, chlorobenzene and hexane solutions of MAPblz perovskite QDs and
the same solutions after stored in ambient air for 6 days and 20 days, respectively.

QD hexane solution slightly blue-shifts from 522 nm to 519 nm
(Fig. S57). Such a difference suggests the MAPbI; and MAPbBr;
QDs may experience different transformation processes in the
solvents. Considering that trace amount of unreacted precur-
sors may reside in the solutions, the shift of PL peak toward
lower energy suggests the MAPbI; QDs undergo a continuous
growth as the time increases, whereas the shift of the PL peak
toward higher energy implies that smaller MAPbBr; QDs tend to
nuclear in the solution (Fig. S6T). In addition to the energy shift,
the PL intensity drops as the time increases. Specifically, the PL
intensity drops by 83%, 25% and 19% after 20 days' storage for
the toluene, chlorobenzene and hexane solutions of MAPbBr;
QDs, respectively (Fig. 6a-c). In the meantime, new emission
peak centered at ~460 nm can be found in the PL spectra of
toluene and chlorobenzene solutions of MAPbBr; perovskite
QDs, which may be attributed to the formation of small
perovskite QDs, as discussed previously. However, no obvious
peak at higher energy region appears in the PL spectra of hexane
solution of MAPbBr; QDs. Previous study indicates that excess
ligands such as oleic acid degraded the fluorescent perovskite
QDs because of promoted crystal growth through dissolution.*
It appears that the oleic acid residing in the solutions could be
more effectively removed by nonpolar solvents than polar
solvents, thereby enhancing the stability. For toluene, chloro-
benzene and hexane solutions of MAPbI; QDs we work out that
the PL intensity drops by 43%, 50% and 6% after storing for 20
days, respectively (Fig. 6d-f). Intriguingly, no new peaks at
higher energy occur to the PL spectra for all solutions of MAPbI;

© 2021 The Author(s). Published by the Royal Society of Chemistry

QDs. Together, it is evident that the perovskite QDs dispersed in
hexane are much more stable than those dispersed in toluene
and chlorobenzene.

Unlike MAPbI;, MAPbBr; and CsPbBr; perovskite QDs
(Fig. S71), it is noted that FAPbBr; QDs (PL peak at 521 nm) are
instable in both non-polar and polar solvents. After stored in air
for only 12 hours, the color of the QD solution totally fades out,
suggesting the complete dissociation of FAPbBr; QDs (Fig. S87).
This change is more clearly depicted in the associated absorp-
tion and PL spectra (Fig. S8%). It has been previously shown that
the crystal structure of MAPbX; can be maintained even for
nanoparticles down to ~3.3 nm in diameter, but slight structure
distortions would occur owing to a dramatic shrinkage of the
size and expansion of the specific surface area.'” For FAPbX;
QDs the structure distortion could be more serious because the
size of FA" is larger than MA" and Cs’, thereby accelerating the
degradation.*

Following the stability test, ultraviolet photoelectron spec-
troscopy (UPS) measurements were performed to study the size-
dependent band structures of various perovskite QDs for high-
performance optoelectronic devices. Specifically, the highest
occupied molecular orbital (HOMO) or Fermi level (Eg) with
respect to the vacuum level can be determined by calculating
the difference between the excitation energy (130 eV) and the
spectrum width or the secondary electron cut-off, respectively
(Fig. $9-S111)."*** Combining the optical bandgap (Eop¢) ob-
tained from the PL spectra (Fig. 7a-c), we are able to illustrate
the band structure by using the lowest unoccupied molecular

RSC Adv, 2021, 11, 28410-28419 | 28415
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perovskite QDs. The HOMO, LUMO, and Eg energies are measured from the vacuum level of the perovskite QDs by using UPS combined with PL

spectroscopy.

orbital (LUMO) deduced from the HOMO and the optical
bandgaps (LUMO = HOMO + E,). Fig. 7d-f shows the energies
for the HOMO, LUMO and Ey of the size-selected MAPDI;,
MAPDBr; and CsPbBr; perovskite QDs, respectively. For all
perovskite QDs, it is observed that the QD size reduction
(increase of bandgap) leads to significant shift of the LUMO
towards the vacuum level. Compared with the LUMO, the
HOMO changes less obvious with the QD size. This implies that
the quantum confinement more seriously impacts the LUMO
than the HOMO for the perovskite QDs. This phenomenon is
quite similar to what has been observed in the quantum size
effect tuning of quasi-2D perovskites and colloidal quantum
dots.***> For MAPbI; perovskite QDs, the Ey lies closer to the
LUMO than HOMO, showing n-type behavior that is indepen-
dent of the size. The n-type behavior is likely induced by defects
or organic ligands existed at the QD surface, as indicated in
previous works.***” Compared with MAPbI; perovskite QDs, the
Er moves towards the HOMO more seriously for MAPbBr; and
CsPbBr; QDs as the size decreases, manifesting an electronic
transition from n-type to intrinsic behavior. It appears that the
n-type behavior could be mitigated for smaller perovskite QDs
owing to a larger shift of the LUMO than HOMO caused by the
quantum size effect.

Conclusions

In conclusion, we report the rapid separation and purification
of lead halide perovskite QDs by using a simple differential

28416 | RSC Adv, 2021, 11, 28410-28419

centrifugation method different from what has been reported
for conventional semiconductor QDs in which complex organic
density gradients are required. Such efficient selection of QD
size is found to be enabled by the choice of proper solvent with
low polarity. In particular, the option of nonpolar solvent such
as hexane yields monodispersed perovskite QDs with tunable
size and narrow size distributions, whereas the use of polar
solvents such as toluene and chlorobenzene leads to perovskite
QDs with broad size distributions and PL with multiple peaks.
Importantly, the size-selected perovskite QDs are readily well-
dispersed in nonpolar solvent which remains stable in
humidity air for more than 20 days. These monodisperse and
stable perovskite QDs provide a good platform for study of their
size-dependent band structure properties. It is revealed that the
quantum confinement more significantly impacts the LUMO
than the HOMO for the perovskite QDs which results in the
evolution from an n-type behavior for big QDs to an intrinsic
behavior for small QDs. We expect that the current experi-
mental progress should contribute to the development of
versatile property-specific perovskite-QD based optoelectronic
applications.

Experimental methods

Materials

Methylammonium bromide (MABr, 99.9%, Dyesol), methyl-
ammonium iodide (MAI, 99.9%, Dyesol), formamidinium
bromide (FABr, 99.9%, Dyesol), formamidinium iodide (FAI,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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99.9%, Dyesol), cesium bromide (CsBr, Sigma-Aldrich, 99%,
metals basis), lead(n) bromide (PbBr,, Sigma-Aldrich, 99%,
metals basis), lead(u) iodide (Pbl,, Sigma-Aldrich, 99%, metals
basis), octylamine (Aladdin, 99.5%), oleic acid (Aladdin, 99.5%),
hexane (Sigma-Aldrich, 95%), toluene (Sigma-Aldrich, anhy-
drous, 99.8%), chlorobenzene (Sigma-Aldrich, 99.9%).

Synthesis of halide perovskite QDs

For synthesis of MAPbI; QDs, 6.3 mg (0.04 mmol) CH;NH;I and
23.0 mg (0.05 mmol) Pbl, were added into a 10 mL scintillation
vial. Subsequently, 2 mL toluene/chlorobenzene/hexane, 10 pL
octylamine, and 20 pL oleic acid were added to the solid
precursors. The resulting mixture was stirred vigorously under
ambient conditions for 2 h, followed by standing for 10 min to
remove the residing solid precursors. A crude solution of
MAPDI; QDs was obtained.

For synthesis of MAPbBr3;, FAPbI; and CsPbBr; QDs, 4.5 mg
(0.04 mmol) CH3NH;Br and 18.7 mg (0.05 mmol) PbBr,, 7.0 mg
(0.04 mmol) CH(NH,),I and 23.0 mg (0.05 mmol) Pbl,, and
8.5 mg (0.04 mmol) CsBr and 18.7 mg (0.05 mmol) PbBr, were
employed as solid precursors, respectively. 2 mL toluene/
chlorobenzene/hexane, 10 uL octylamine, and 20 pL oleic acid
were then added to the solid precursors. The resulting mixtures
were stirred vigorously under ambient conditions for 2 h, fol-
lowed by standing for 10 min to remove the residing solid
precursors. A crude solution of MAPbBr;/FAPbI;/CsPbBr; QDs
was obtained.

Differential ultracentrifugation separation

The crude solution of perovskite QDs was firstly transferred to
a centrifuge tube after storing for 1 h and was centrifugated at
a low speed (500 rpm) to remove unreacted precursors. A
centrifugation speed of 1000 rpm was then used to precipitate
the large QDs to the bottom of the tube. The large QDs were
collected and re-dispersed in solvent for further characteriza-
tions. Subsequently, higher centrifugation speed (2000-6000
rpm) was used for the residual suspension, and small QDs
would precipitate to the bottom of the tube. The small QDs were
then collected and re-dispersed in solvent for further
characterizations.

Characterizations

TEM images were recorded by FEI Tecnai Spirit microscope
operated at an acceleration voltage of 200 kV. Steady state PL
measurements were performed by using SpectraMax M5e. A UV-
vis spectrometer (Hitachi U-3501) was used to measure the
optical absorption of all perovskite QD solutions. UPS
measurements were performed at BLO9A2 U5 beamline at the
National Synchrotron Radiation Research Center, Taiwan. UPS
measurements were carried out with an excitation energy of
130 eV and a —4 eV bias. Samples for UPS were prepared by
placing the perovskite QDs on a 8 mm x 8 mm ITO substrate.
FTIR measurements were performed by using a spectrometer
(JASCO FT/IR-6100) operated in the transmission mode with
a resolution of 4 cm ™. Samples for FTIR measurements were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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prepared by drop-casting the perovskite QD colloid on a KBr
substrate.
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