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Real-time observation of ion exchange dynamics
during surface treatment of all-inorganic
perovskite quantum dots with Zn-halogenide
complexes for color tuning and enhanced quantum
efficiency
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and Vaidas Klimkevicius 2 *

All-inorganic lead perovskite quantum dots (QDs), due to their distinctive optical properties, have become
one of the "hottest” topics in materials science; therefore, the development of new QD synthesis methods
or their emission color adjustment is of great interest. Within this study, we present the simple preparation of
QDs employing a novel ultrasound-induced hot-injection method, which significantly reduces the QD
synthesis time from several hours to merely 15-20 minutes. Moreover, the post-synthesis treatment of
perovskite QDs in solutions using zinc halogenide complexes could increase the QD emission intensity
and, at the same time, boost their quantum efficiency. This behavior is due to the zinc halogenide
complex’s ability to remove or significantly reduce the number of surface electron traps in perovskite
QDs. Finally, the experiment that shows the ability to instantly adjust the desired emission color of
perovskite QDs by variation of the amount of added zinc halogenide complex is presented. The instantly
obtained perovskite QD colors cover virtually the full range of the visible spectrum. The zinc halogenide
modified perovskite QDs exhibit up to 10-15% higher QEs than those prepared by an individual synthesis.

Introduction

Due to outstanding photoelectric performance and other
excellent optical properties, the halogenide perovskite quantum
dots (QDs) became one of the most studied materials to be
applied in solar cells' and other optoelectronic devices
including light-emitting diodes,” photocatalysts,*
photodetectors,*® and lasers.” Among these materials, the all-
inorganic metal halide perovskite CsPbX; (where X = I, Br, CI)
QDs show superior thermal and photostability.® In the past
decade, there have been thousands of publications dedicated to
the perovskite QD structure-property relationships and their
application in various optoelectronic fields.>'® The first
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inorganic lead perovskite QD synthesis employing the hot-
injection method was reported in 2015." Since then, the
demand for novel, easier, and faster perovskite QD synthesis
methods has gradually increased. Many alternative approaches
toward perovskite QD synthesis were recently reported in the
literature."” The alternative methods for perovskite QDs prepa-
ration could be classified as follows: microwave-assisted,"***
solvothermal,”® sonochemical,’®"” and precipitation-based
methods.”®" Among all these methods, the hot-injection
synthesis approach, initially reported by Kovalenko et al.,
remains the most used. Despite the popularity of the hot-
injection method, it is time-consuming and requires separate
synthesis to obtain the perovskite QDs with the desirable
emission wavelengths. Furthermore, recent studies showed that
the perovskite QDs emission color could be varied by the post-
synthesis treatment of the QDs. For instance, Milstein et al.
described the perovskite QDs surface post-synthesis treatment
using trimethyl silyl halogenides or benzoyl halogenides.*
Akkerman et al.,”® on the other hand, reported the modification
of cesium lead bromide QDs using various alkylammonium
halogenides. Such modification resulted in a desired emission
color change of QDs; however, the recorded photoluminescence
quantum efficiencies (PLQE) after the treatment were lower
than the initial values of CsPbBr; QDs. It is important to note
that PLQEs of perovskite QDs depend on the surface defect
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amount. The halide vacancies are the most abundant due to
their low formation energy or higher trapping ability.>** The
vacancies induced by Cs or Pb are less favorable and could be
removed using lead halogenide adlayers*** or other salts
(potassium, sodium, cesium oleates***°). Moreover, there are
many techniques that can reduce the surface electron traps
caused by halogenide vacancies, including passivation with
organic-inorganic hybrid ion pair didodecyl dimethylammo-
nium sulphide,* alkylammonium halide,* zinc salts,*" tri-
octylphosphine oxide (TOPO),**> thiocyanate salts,* even
perfluorodecanoic acid,* etc. However, despite the intensive
studies in the recent literature, the development of novel
synthesis techniques that allow simple preparation and/or post-
synthesis modification of the obtained perovskite QDs, tailoring
the optical properties, and boosting PLQEs remains in high
demand.

In this study, we propose the novel ultrasound-induced hot-
injection method for all-inorganic perovskite QDs synthesis
along with the successive surface modification utilizing zinc
halogenide complexes and tuning perovskite QDs emission
intensity and quantum efficiency (QE) due to reduced surface
electron traps. In addition, the evolution of QDs emission colors
covering virtually the full range of visible spectrum during the
surface treatment of CsPbBr; QDs, obtained from a sole
synthesis, is also discussed in detail.

Experimental
Materials

Cesium carbonate (Cs,COj3, Acros Organics, 99.99%, Geel, Bel-
gium), lead(u) bromide (PbBr,, Alfa Aesar, 99.998%, Haverhill,
MA, USA), zinc chloride (ZnCl, anhydrous, Alfa Aesar, 98%,
Haverhill, MA, USA), zinc bromide (ZnBr, anhydrous, Alfa
Aesar, 98%, Haverhill, MA, USA), zinc iodide (Znl,, ultra-dry,
Alfa Aesar, 99.995%, Haverhill, MA, USA), (toluene C,Hs,
Avantor, HPLC grade, Gliwice, Poland), 1-octadecene (ODE, Alfa
Aesar, 90% tech. grade, Haverhill, MA, USA), oleylamine (OAm,
Acros Organics, 80-90%, Geel, Belgium) and oleic acid (OA, Alfa
Aesar, 90% tech. grade, Haverhill, MA, USA) were used as
received.

Preparation of Cs-oleate

Cs-oleate was prepared according to the procedure published
elsewhere;"" briefly, Cs,CO; (0.407 g, 1.25 mmol) was loaded
into a 50 mL 3-neck flask along with 1-octadecene (18.75 mL),
and oleic acid (1.25 mL). The mixture was firstly heated for 1
hour at 120 °C under reduced pressure (ca. 10-15 mbar) and
then heated under argon at 150 °C until the transparent solu-
tion was obtained. Please note that Cs-oleate precipitates out of
ODE at room temperature; thus, it has to be pre-heated to 120 °
C before the injection.

Preparation of ZnX,-oleylamine complex solutions (X = Cl, Br,
)

For the post-synthesis ion exchange procedure, zinc complexes
in toluene were prepared as follows: the 0.6 mmol of anhydrous
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zinc halogenides (81.8 mg of ZnCl,, 135.1 mg of ZnBr, or
192.5 mg of Znl,) were dissolved in a mixture of dry toluene (20
mL) and oleylamine (OAm, 400 pL) under stirring at room
temperature.

Synthesis of CsPbBr; QDs

All inorganic perovskite QDs synthesis was performed accord-
ing to a recently published procedure.*® Briefly, 0.376 mmol
PbBr, (138.0 mg) was dispersed in a mixture of oleic acid (1 mL),
oleylamine (1 mL), and 1-octadecene (10 mL). The reaction
vessel of the precursor solution was purged with argon for 5
minutes and subjected to a tip-sonicator (SonoPuls HD 3100,
Bandelin (max power 70 W), Berlin, Germany). The synthesis
temperature was monitored by a thermocouple wire. The
mixture was preheated to 120 °C using ultrasound with non-
pulse mode and with a nominal power of ca. 40 W. The
temperature inside the reaction vessel was maintained at 120 °C
until the complete dissolution of precursors (ca. 10 minutes).
The ultrasound power was then raised to 60 W, and the reaction
mixture was heated to 160 °C. Once this temperature was
reached, the preheated Cs-oleate solution (0.8 mL, 0.05 mmol)
was injected. After five seconds, the ultrasound tip was
removed, and the mixture of the formed lead perovskite QDs
was cooled down to room temperature by emerging the vessel
into the ice bath. The precipitates were collected by centrifu-
gation (Megafuge 16R, Thermo Scientific, Waltham, MA, USA) at
6000 rpm for 10 minutes. Next, the collected QDs were re-
dispersed in toluene (20 mL), and the obtained dispersions
were further centrifuged at 2000 rpm for five minutes to remove
the large aggregates. Finally, the collected supernatant was 5-
fold diluted with toluene and used for further QDs investigation
as a stock solution. The synthesis scheme is summarized in
Fig. 1.

Surface modification procedure

To modify the QDs surface, aliquots (5 to 500 pL) of a freshly
prepared ZnX,(OAm), (X = Cl, Br, I) complex were added to
a stock solution of CsPbBr; QDs (4 mL) under stirring at
ambient conditions. The real-time ion exchange dynamics, the
change in emission spectra as a function of time after ZnCl,(-
OAm), or Znl,(OAm), complex solutions were added to the
CsPbBr; QDs stock solutions, was measured. This experiment
was conducted using a Miniature Spectrometer FLAME-S-UV-
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Fig.1 The synthesis scheme of all-inorganic perovskite QDs.
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Vis (OceanOptics, Orlando, FL, USA). The samples were excited
with a 5 mW 405 nm wavelength laser diode. The solutions were
magnetically stirred (500 rpm) throughout the entire experi-
ment. The emission spectra in the 200-850 nm range were
measured every 50 ms up to 10 minutes and later processed
using OceanOptics SpectraSuite software. It should be noted
that for experiments requiring lower amounts, the aliquots of
CsPbBr; QDs stock solutions and ZnX,-oleylamine complexes (X
= Cl, Br, I) were recalculated proportionally.

Analysis of the synthesized CsPbX; QDs

XRD patterns of the synthesized all-inorganic perovskite
CsPbBr; QDs were recorded using a Rigaku MiniFlexII diffrac-
tometer (Rigaku, Tokyo, Japan) working in a Bragg-Brentano
focusing geometry. The scanning speed was 5° min~'. FEI
Tecnai F20 X-TWIN transmission electron microscope (TEM)
(FEI Company, Hillsboro, OR, USA) with 200 kV accelerating
voltage was used to determine the size and shape of the
synthesized perovskite QDs. The images were taken using
a Gatan Orius CCD camera (Gatan, Leicester, UK). Absorption
spectra were measured on a PerkinElmer Lambda 35 UV/Vis
spectrometer (PerkinElmer, Waltham, MA, USA) in the range
of 350-800 nm. Emission spectra of CsPbBr; perovskite QDs
were recorded on the Edinburgh Instruments FLS980 spec-
trometer (Edinburgh Instruments, Livingston, UK) equipped
with double excitation and emission monochromators, a 450 W
Xe arc lamp, a cooled (253 K) single-photon counting photo-
multiplier (Hamamatsu R928P, Hamamatsu Photonics K.K.,
Hamamatsu, Japan) in a standard quartz cell (I = 10 mm). The
photoluminescence emission spectra were corrected for
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instrument response by a correction file obtained from a tung-
sten incandescent lamp certified by NPL (National Physics
Laboratory, UK). For recording PL decay curves, a hydrogen-
filled pulsed nano flash lamp nF920 was used as an excitation
source. Before the measurements, the obtained QDs stock
solutions were diluted with toluene (1:10 v/v) to avoid unde-
sirable reabsorption due to the high optical density. The
quantum efficiencies (QE) of the prepared samples were deter-
mined by an integrating sphere method and calculated
according to the following equation:

Jlem sample — jIem solvent Nem
E = : : x 100% = —— x 100% 1
Q fIref. solvent — flref, sample ’ Nabs ! ( )

where [Iem, sample a0d [Iem, sovent are the integrated emission
of sample and solvent, respectively; and J‘Irefﬁ sample are the
integrated reflectance of sample and solvent, respectively; Nem
and N,,s represent the number of emitted and absorbed
photons, respectively.

Results and discussion

The all-inorganic perovskite QDs with a general formula
CsPbBr; were synthesized via ultrasound-induced hot-injection
synthesis method. In this method, the acceleration of precur-
sors dissolution or homogenization, as well as the increase of
reaction mixture temperature, is driven by high-frequency
ultrasound. As our group showed before,** the employment of
high-frequency ultrasound could reduce the CsPbBr; synthesis
duration from several hours to merely 15-20 minutes if
compared to the conventional hot-injection method." The XRD

Fig.2 XRD pattern of the synthesized CsPbBrs; QDs and a reference pattern (a); the orthorhombic CsPbBrz unit cell (space group Pmna) along
a standard orientation of crystal shape (b); digital image of CsPbBrsz QDs in toluene at daylight (c) and under UV excitation (Aex = 365 nm) (d);
emission spectra (Aex = 365 m) (e), PL decay curve (Aex = 365 NM, Aem = 506 Nm) (f), and the TEM image of the obtained CsPbBrz QDs (g).
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analysis revealed that the synthesized CsPbBr; QDs crystallize
in an orthorhombic crystal structure (space group Pmna, #53).
The recorded XRD patterns match well with the reference
pattern of CsPbBr; (#96-153-3063) (Fig. 2a), indicating that
single-phase materials were obtained. Please note that only two
strong reflection peaks are visible in the sample XRD pattern
due to out-of-plane measurement, as was also described by Toso
et al.*® The orthorhombic CsPbBr; unit cell along the standard
orientation of crystal shape is presented in Fig. 2b. At daylight,
the CsPbBr; QDs in toluene possess a vibrant yellow-greenish
color (Fig. 2c) and exhibit bright green emission under UV
excitation (A, = 365 nm) (Fig. 2d). Fig. 2e shows the recorded
emission spectra of all inorganic CsPbBr; QDs in toluene. The
emission band of CsPbBr; QDs is symmetric with a relatively
narrow line width full width at half maxima (FWHM) = 21.5 nm
(0.104 eV) with a maximum at 512 nm. The photoluminescence
decay curve of CsPbBr; QDs is plotted in Fig. 2f. The calculated
average PL lifetime was 6.4 ns and corresponded well with the
data presented in the literature."* The TEM image of CsPbBr;
QDs is given in Fig. 2g. It is evident that the synthesized CsPbBr;
QDs are uniform with a rigid cubic morphology. Furthermore,
the given TEM image was used to determine the QDs size
distribution by employing Image] software (v. 1.53m). The
random 115 QDs were taken for calculations, and the average
size was determined as 8.7 & 0.4 nm.

The post-synthesis modification of CsPbBr; QDs using
freshly prepared ZnBr,-oleylamine complex is presented in
Fig. 3. The perovskite surface treatment employing ZnX,-oleyl-
amine (X = Cl, Br, I) complexes benefits from several points of
view: firstly, this complex contains oleate chains, which are
compatible with all-inorganic perovskite surface, which is also
covered with the oleates. Thus, such complex has facilitated
access to the QDs surface compared to typically used methyl
silyl (Me;SiX, X = Cl, Br, I) or benzoyl halogenides.?* Secondly,
the preparation of ZnX,-oleylamine complex solution does not
require any harsh conditions, for instance, volatile acids, as in
the case of preparing oleylamine halogenide salts.* Thirdly, the
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zinc ions remain on the surface of modified perovskite QDs and
could passivate the surface prolonging the shelf-life of QDs.
Even partial protection from hydrolysis or oxidation could
extend the applicability of such unique optical nanomaterials.
The XRD patterns of CsPbBr; QDs before and after modification
with different amounts of ZnBr,-oleylamine solutions are
provided in Fig. S1.1 With increasing ZnBr,-oleylamine solution
amount the XRD patterns become noisier indicating that
amorphous Zn-oleylamine species remain on the QDs surface.

It was observed that the addition of a small amount (5 pL) of
ZnBr,-oleylamine complex had a significant impact on both the
emission intensity (Fig. 3a) and photoluminescence quantum
efficiency (Fig. 3b) of the synthesized CsPbBr; QDs. The inte-
grated emission intensity increases by 1.4, 1.5, and 1.6 times
after adding 5, 10, and 20 pL of ZnBr,-oleylamine complex
solution, respectively. Furthermore, the QE increased from
54.7% for the CsPbBr; QDs stock solution to 76.9% for the
solution treated with 20 pL ZnBr,-oleylamine complex. Besides,
the changes in the appearance of CsPbBr; QDs in toluene before
and after Zn-complex treatment could even be observed by the
naked eye (see the insert in Fig. 3a). It is important to note that
the position of the CsPbBr; QDs emission maximum does not
change during the surface treatment with ZnBr,-oleylamine
complexes. On the other hand, the emission intensity increased
considerably. This increase in emission intensity and PL QE is
probably caused by the removal of the surface defects.** To
support such a hypothesis, the PL decay curves for stock and
modified (with 20 pL of ZnBr,-oleylamine) CsPbBr; QDs solu-
tions in toluene were recorded and plotted in Fig. 3c. The
biexponential decay function fitted both PL decay curves. The
quantitative comparison of the stock and modified CsPbBr;
QDs solution PL decay values and their weight factors is given in
Table 1.

A relatively large proportion (25.5%) of the long lifetime
component (7,) appeared in a stock CsPbBr; QDs solution,
which is consistent with the delayed photoluminescence typi-
cally caused by surface electron traps. After the treatment using

50
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Fig. 3 Evolution of emission spectra (Ae, = 365 nm) intensity (a) and QEs (b) of CsPbBrs QDs in toluene as a function of the added amount of
ZnBr, complex; PL decay curves of stock CsPbBrs QDs solution and solution treated with 20 pL of ZnBr, complex (c). The visual color difference

of stock and modified CsPbBrs QDs solutions at daylight (insert in (a)).
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Table 1 The PL lifetime values and weight factors of stock and
modified CsPbBrs; QDs

CsPbBr; Ty, NS Ay, % Ty, NS Ay % T, NS
Stock solution 3.64 74.5 14.36 25.5 6.38
Modified solution 5.29 85.1 13.66 14.9 6.06

ZnBr,-oleylamine solutions, the proportion of the long lifetime
component (t,) of CsPbBr; reduced to 14.9%, indicating that
a part of the surface defects was removed.

Additionally, the short-term (5 days) optical stability experi-
ment was performed with the aim of clarifying the QE evolution
of perovskite QDs stock solution and modified CsPbBr; QDs as
a function of time. The freshly prepared samples of CsPbBr;
QDs were modified with ZnBr,(OAm), using the same above-
described procedure. Both, stock and modified QDs were
stored in closed vessels at ambient temperature. The QEs for
both samples were calculated directly after the preparation and
as a function of time up to five days (in one day intervals).
Besides, the performed stability test of the stock and modified
QDs also proved that the proposed synthesis method is highly
reproducible since the obtained QE values were virtually iden-
tical as in the previous synthesis, i.e., 54.7% (initial synthesis)
and 55.3% (repeated synthesis) for stock QDs, and 76.9%
(initial synthesis) and 76.7% (repeated synthesis) for modified
QDs. It was observed that the QE of perovskite stock CsPbBr;
QDs solution dropped to 54.1% and 46.7% after one and five
days, respectively. In contrast, the QE of modified CsPbBr; QDs
solution exhibited outstanding optical stability and decreased
from 76.7% to only 75.1% in five days. Furthermore, no visible
precipitates we observed in both stock or modified QDs solu-
tions (at least within five days of the experiment).

During the post-synthesis treatment of CsPbBr; QDs with
ZnCl,-oleylamine or Znl,-oleylamine complex solutions, it was
observed that the emission of the perovskite QDs solutions is
dependent on the amount of added complex. Additionally, the

Intensity
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color change of the CsPbBr; QDs solutions during the post-
synthesis treatment with the respective complexes was almost
instantaneous (please refer to Videos S1 and S2 provided in
ESI).T In order to evaluate the real-time ion exchange dynamics,
the change in emission spectra as a function of time after
ZnCl,(OAm), or Znl,(OAm), complex solutions were added to
the CsPbBr; QDs stock solutions, was measured. The obtained
results are summarized in Fig. 4. The initial observation was
that the ion exchange process is highly dependent on the
amount of added zinc halogenide complex. It turned out that
the ion exchange process was slower if a smaller amount of zinc
halogenide complex was added. For example, if 50 uL of
ZnCl,(OAm), solution was added to the CsPbBr; QDs stock
solution, the emission maximum shifted from 513 to 496 nm in
5.0 to 7.5 seconds (please refer to Fig. 4a and b). The emission
shift is accompanied by a slight emission intensity decrease
which can be evaluated in Fig. 4b. The increase of added
ZnCl,(OAm), solution to 500 pL, on the other hand, yielded
substantially different results. In this case, the emission
maximum shifts from 513 to 439 nm within 2.5 to 3.0 s (please
refer to Fig. 4c and d). Obviously, the ion exchange rate is much
faster if a higher amount of ZnCl,(OAm), complex solution is
used, ie., the ion exchange rate increases ca. 2.5-fold when
ZnCl,(OAm), complex amount is increased 10-fold. Besides, the
first fully modified QDs (weak emission at ca. 439 nm) were
observed after 0.5 s of adding 500 pL ZnCl,(OAm), complex
solution followed by a sharp intensity decrease of emission at
513 nm. After 0.5 to 2.0 s, the emission spectra show the
multimodal distribution of the QDs, indicating that the fully
modified, partially modified, and unmodified CsPbBr; QDs
exist at the same time.

The post-synthesis treatment of CsPbBr; QDs stock solution
with 50 puL ZnI,(OAm), complex solution (please refer to Fig. 4e
and f) yielded similar results as in the case of treatment with 50
uL ZnCly(OAm), complex solution. The emission intensity
initially decreased and then, after 1 s, started increasing again,
followed by the emission maximum shift to longer wavelengths.

Intensity
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Fig. 4 Evolution of emission spectra as a function of time and the contour plot of CsPbBrs QDs during post-synthesis treatment with 50 plL
ZnCl(OAmM); (a, b); 500 uL ZnCl(OAmM); (c, d); 50 ulL Znlx(OAmM); (e, f) and 500 pL Znl>(OAm); (g, h) complex solutions.
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It took about 7.5 s for the initial emission maximum at 513 nm
to shift and stabilize at 532 nm. However, the addition of 500 puL
Znl,(OAm), complex solution to the CsPbBr; QDs stock solution
(please refer to Fig. 4g and h) gave the most interesting results.
After the addition of 500 pL ZnI,(OAm), complex solution, the
513 nm emission started decreasing substantially and almost
vanished after 0.35 s (please refer to Fig. 4g). The most fasci-
nating part of this is that the weak emission at ca. 570 nm also
starts appearing only 0.30-0.35 s after the start of the experi-
ment. This shows that after the addition of a large amount of
ZnI,(OAm), complex solution, the CsPbBr; QDs start instantly
losing bromine ions from the surface; therefore, the emission is
quenched almost to zero. However, the iodide ions do not
incorporate into the QDs yet, since the emission maximum does
not change, as shown in Fig. 4g. Later, the emission at 570 nm
gains more intensity and shifts to longer wavelengths (644 nm
(after 20 s)). We need to emphasize that the emission maximum
completely stabilized (at 658 nm) only after 3 minutes from the
start of the experiment. The acquired data show that after the
addition of a high amount of ZnCl,(OAm), or ZnI,(OAm),,
complex solution the CsPbBr; QDs instantly start losing
bromide ions from the surface. It is also clear that chloride ions
incorporate into the QDs sites more rapidly if compared to the
iodide ions. Once the surface bromide ions are replaced by
iodide ions, a further exchange of ions from the deeper parts of
QDs takes place, evidenced by the shift of emission maximum.
However, not all bromide ions are replaced by iodide ions even
after a long period of time since the emission maximum does
not reach 680 nm, as in the case of pure CsPbI; QDs. The visual
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experiment of the ion exchange procedure and the optical
properties of the modified QDs, recorded on the more accurate
spectrometer FLS980 (Edinburgh Instruments, Livingston, UK),
are presented in Fig. 5. Fig. 5a shows the color of CsPbBr; QDs
stock solutions compared to the one boosted by adding 20 pL
ZnBr,-oleylamine. Is it evident that boosted sample appears
much brighter in daylight. Subsequently, 50, 100, 200, and 500
uL of ZnCl,-oleylamine or Znl,-oleylamine complexes were
added to the CsPbBr; QDs stock solutions, and instant color
changes were observed, as shown in Fig. 5b. With the increasing
amount of added ZnCl,-oleylamine complex, the color of the
QDs solution changed from vibrant yellow-greenish to cyan,
blue, and, finally, colorless. On the other hand, the increased
amount of added ZnlI,-oleylamine complex changed the color of
the QDs solution from vibrant yellow-greenish to yellow,
orange, and, finally, deep red. The emission of QDs modified by
ZnCl,-oleylamine or Znl,-oleylamine complexes under UV
radiation is shown in Fig. 5c. It is obvious that virtually any color
can be obtained from a single CsPbBr; QDs solution by simply
adjusting the amount of ZnCl,-oleylamine or Znl,-oleylamine
complex. The visual experiment of multicolor emission QDs
preparation is provided in Video S3.7

The recorded emission spectra of CsPbBr; QDs and their
ZnCl,-oleylamine or Znl,-oleylamine complex modified coun-
terparts are presented in Fig. 5d. It is evident that CsPbBr; QDs
treatment using ZnCl,-oleylamine and Znl,-oleylamine solu-
tions resulted in a blue and red shift of emission, respectively. It
is also clear that any emission wavelength in the visible could be
obtained, which is in line with the results discussed in Fig. 5c.

+50 ul ZnCl,(OAM),
+100 uL ZnCl,(OAm),
+200 uL ZnCl,(OAM),
+500 L ZnCl,(OAm),
[777] CsPbBr,

+50 uL Znl,(OAm),
+100 uL Znl,(OAm),
+200 L Znl,(OAMm),
+500 L Znl,(OAm),

(d)

+ ZnCl,(OAm), + Znl,(OAm),

T T ¥ T T T 1
450 500 550 600 650 700 750
Wavelength, nm

0.8

06

>04

0.2

~CsPbl.

=CsPbBr, 4l 5

~CsPbCI, 4Bry 5

O by separate synthesis
~CsPbCl,y O by surface modification|

.00 01 02 03 04 05 06 07
x +ZnCl,(OAm),
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V, uL
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+Znl,(OAm), Wavelength, nm

Fig.5 The color gamut of CsPbBrsz QDs solutions before (a) and after the ion exchange procedure using appropriate amounts of ZnCl,(OAm), or
Znl,(OAm), complexes in daylight (b) and under UV excitation (c); evolution of PL emission spectra (Aex = 365 nm) (d); the position of color
coordinates, presented in CIE 1931 color space diagram (e) and PL emission maximum values (f) of the synthesized CsPbBrsz QDs as a function of
the added amount of ZnCl, or Znl, complex; PL emission maximum values; comparison of QEs of all-inorganic perovskite QDs, emitting at
a different wavelength, which is obtained via individual synthesis (black) and via ion exchange (red), respectively (g).
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Moreover, we have observed that the FWHM of emission spectra
decreases if emission spectra shift towards the blue spectral
region. For instance, the emission maximum of CsPbBr; QDs
stock solution shifted from 513 to 439 nm after the modification
with 500 puL ZnCl,-oleylamine solution. At the same time, the
FWHM decreased from 21.5 nm (0.104 eV) to 15.4 nm (0.098
eV). The opposite tendency, however, was observed if emission
shifted towards the red spectral region, ie., the emission
maximum of CsPbBr; QDs stock solution shifted from 513 to
658 nm after the modification with 500 pL ZnlI,-oleylamine
solution and FWHM increased from 21.5 nm (0.104 €eV) to
37.9 nm (0.112 eV). The calculated FWHW values for different
emission spectra of perovskite QDs are in good agreement with
the data published in the literature,' where the authors claim
that FHWM values of all-inorganic perovskites regarding to
their emission color could vary in the range of 12-42 nm.

The absorption spectra as a function of added amounts of
ZnCl,-oleylamine and Znl,-oleylamine complexes are given in
Fig. S2.f The absorbance of CsPbBr; QDs shifts to longer
wavelengths with the increasing amount of added ZnlI,-oleyl-
amine complex, whereas adding ZnCl,-oleylamine complex
causes the blue shift of absorption spectra. These results are in
line with the ones reported for the separate synthesis of CsPbX;
(X = Cl, Br, I) QDs.* The color coordinates (in CIE 1931 color
space) of the obtained QDs were calculated from their respective
emission spectra and are plotted in Fig. 5e. All calculated color
coordinates, especially in the blue and yellowish-green to red
regions, are located close to or directly on the edge of the CIE
1931 color space diagram. It means that surface modification of
CsPbBr; QDs yielded all-inorganic perovskite QDs with high
color purity.

Fig. 5f shows the change of CsPbBr; QDs emission maximum
as a function of added ZnX,-oleylamine complexes amount
during the modification. It also demonstrates that at high ZnX,-
oleylamine complex concentration, the saturation is reached,
and further increase of zinc halide complexes amount has
a negligible effect in the change of emission color. To the best of
our knowledge, the ion exchange is surface dependent, and the
ZnX,-oleylamine complexes could not penetrate deep into bulk
QDs; otherwise, the perovskite crystal structure would be
destroyed. Besides, there is one more piece of evidence that
ZnX,-oleylamine complexes do not penetrate deep into the QDs.
For instance, Fig. 5¢ demonstrates that the peak emission of
separately prepared CsPbCl; is around 400 nm. However, when
CsPbBr; QDs are modified with the ZnCl,-oleylamine complex,
the shortest obtained peak emission value is around 439 nm.
This value cannot be further decreased since the saturation is
reached (the increased amount of added ZnCl,-oleylamine
complex does not change the emission), indicating that
bromide ions are still present within the perovskite structure.
The same applies if CsPbBr; QDs are modified with the ZnI,-
oleylamine complex.

The XRD patterns of CsPbBr; before and after modification
with different amounts of ZnCl,(OAm), and ZnI,(OAm),
complex solutions are shown in Fig. S3.1 The XRD peaks shift to
higher 26 angles with increasing the added ZnCl,(OAm),
amount. This indicates that ClI™ successfully incorporate into
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perovskite structure, thus shrinking the unit cell. The opposite
shift of XRD peaks was observed with increasing amount of
added ZnI,(OAm), complex. This also prove that I incorporate
into the perovskite structure and expands the unit cell.
Furthermore, it is also clear that after adding high amount of
Znl,(OAm), complex, a majority of Br~ are replaced by I", the
compound becomes unstable in air and completely decom-
poses yielding the amorphous phase as shown in Fig. S3.1 This
observation is in agreement with previously published data.’”
During this study, the question arose which synthesis
method is better. The synthesis of individual all-inorganic
perovskite QDs using different lead halogenide (PbCl,, PbBr,,
Pbl,, or their mixtures) salts as precursors or the surface
modification of CsPbBr; QDs using the post-synthesis treat-
ment? To answer the question, a series of separate cesium lead
perovskite QDs with different compositions were synthesized by
the ultrasound-induced hot-injection method. The comparison
of QE for QDs obtained by individual synthesis and by surface
modification is presented in Fig. 5g. The individual synthesis
method enabled obtaining QDs covering the wider region of
visible spectra, i.e., from ca. 405 to 680 nm, if compared to those
obtained via surface modification (emits from 439 to 658 nm).
However, the perovskites obtained by surface modification/
treatment exhibited up to 10-15% higher QEs in such a desir-
able red region if compared to those obtained by separate
synthesis. To conclude, both approaches have their advantages;
however, the post-synthesis modification, where the desired
emission color could be simply and instantly adjusted by using
ZnX,-oleylamine (X = Cl, I) complexes, seems to be more
reasonable. Moreover, using ZnX,-oleylamine complexes for
surface treatment provides better optical stability of all-
inorganic lead perovskites due to surface passivation.

Conclusions

Within this extensive study, the ultrasound-induced hot-
injection synthesis method for the preparation of well-defined
CsPbBr; QDs was proposed. This method is very simple and
highly reproducible. Moreover, the synthesis of QDs can be
performed in merely 15-20 minutes. It was also observed that
employment of even a low amount of ZnBr,-oleylamine complex
significantly impacts the CsPbBr; QDs emission intensity and,
at the same time, the quantum efficiency. The quantum effi-
ciencies of CsPbBr; QDs were boosted from 54.7% to 76.9%
after adding as little as 20 pL of ZnBr,-oleylamine complex due
to partially removed surface defects. This indeed was confirmed
by the PL decay curves where the weight coefficient of the long
lifetime (7,) component decreased with increasing the amount
of added ZnBr,-oleylamine complex. The surface treatment of
CsPbBr; QDs employing ZnX,-oleylamine (X = Cl, I) complexes
resulted in almost instantaneous emission color change that
could cover virtually the full range of the visible spectrum. It was
also observed that the rate of the ion exchange process could be
controlled by adjusting the amount of zinc halogenide complex
added, with higher amounts leading to a faster process. More-
over, it is worth noting that while the ion exchange process may
be fast, the full-color stabilization of the modified CsPbBr; ODs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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still occurs within a period of 3 minutes. The color coordinates
of the modified QDs, calculated from their emission spectra,
show high color purity, especially in the blue and yellowish-
green to red regions. The saturation of the emission color is
reached at high concentrations of ZnX,-oleylamine (X = Cl, I)
complexes, suggesting that the ion exchange is surface-
dependent and the complexes do not penetrate deep into the
bulk of the QDs. The stability of the modified QDs is also
improved by the addition of these complexes. Moreover, the
QEs of QDs emitting in the red spectral region were enhanced
by up to 10-15% after the QDs surface treatment. The presented
method for changing the color of all-inorganic perovskite QDs
to produce nanomaterials with multicolor emission is simpler
than previous methods reported in the literature. This method
does not require any additional purification steps. In addition,
the use of zinc-halogenide complexes has been shown to not
only result in the desired color change of the QDs but also to
lead to the improved long-term stability of the particles due to
the passivated surface.
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