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Synthesis of cesium lead bromide nanoparticles by
the ultrasonic bath method: A polar-solvent-free
approach at room temperaturef
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Colloidal synthesis of CsPbBrs nanoparticles (NPs) is often carried out by involving polar solvents that
threaten the chemical stability of the NPs. Here, we report a polar-solvent-free synthesis of all-inorganic
CsPbBr3z NPs by employing an ultrasonic bath approach. The phase evolution of the CsPbBrs NPs strongly
depended on the duration of ultrasonication. A secondary phase of Cs4PbBrg was also found to evolve,
which emitted narrow blue-emission bands. For the longest period of ultrasonication (12 h), the CsPbBrs
and Cs4PbBrg phases co-existed to produce blue and green emission bands with a photoluminescence
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quantum yield (PLQY) of 53%. The purest form of CsPbBrs phases was observed for the NPs produced by
sonicating the precursors for 8 h. They exhibited narrow green emission bands with a PLQY of 50%. The
power-conversion efficiency of a silicon solar cell was remarkably increased when coated with the
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1. Introduction

All-inorganic perovskites (AIPs) have garnered tremendous
attention due to their photovoltaic, luminescence, and opto-
electronic applications."™ In contrast to organic-inorganic
hybrid halide perovskites, AIPs exhibit better stability against
environmental factors such as thermal stress, illumination,
and humidity.*® Despite being the most sensational material
that revolutionized the photovoltaic industry, there were always
certain struggles and hardships experienced while producing
high-quality perovskite nanocrystals (PNCs).

AIP NCs were first introduced by Kovalenko et al. through
the hot-injection (HI) synthesis method.® Although the HI
method was successful in realizing cesium lead halide
(CsPbX3; X = Cl, Br, I) perovskites with different shapes and
morphologies, the protocols involved in the synthesis were
complex. The requirement of a vacuum environment, inert
atmosphere and high temperatures limited the applicability of
HI methods for the large-scale production of PNCs. Moreover,
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CsPbBrz NPs, thus, proving its potential to be used as a spectral downshifter for Si solar cells.

the complex requirements for the synthesis elevated the pro-
duction costs involved in HI methods and affected the repro-
ducibility of the NCs.* Citing these issues, several other syn-
thesis strategies were developed and implemented to elimin-
ate the shortcomings experienced in the HI method. Facile
processing methods such as ligand-assisted reprecipitation
(LARP)”® and room-temperature supersaturated recrystalliza-
tion processes’ have been developed to achieve high-quality
AIP NCs at a relatively lower cost. These methods were widely
adopted owing to their ability to control the shape of the NCs
and the possibility to scale up the synthesis process for large-
scale production of the NCs. However, these methods
depended greatly on the polar solvents such as N,N-dimethyl-
formamide (DMF) and dimethyl sulfoxide (DMSO) for mixing
the precursor salts. AIP NCs are highly sensitive to the polar
solvents as they can either get degraded or dissolved in those
solvents easily.'”"'" Furthermore, DMF and DMSO can induce
defects in CsPbX; NCs.'” These issues can be addressed by
adopting polar-solvent-free synthesis strategies and ensuring
high-quality product yields at a lower production cost and
effort.

Ultrasonication is one of the feasible methods that can be
employed to produce AIP NCs by eliminating the use of polar
solvents, and thus, eradicating the threats posed by the sol-
vents on the quality of the NCs. Compared to HI and LARP
methods, ultrasonication does not require any heating and
can be practiced as a ‘one-pot’ synthesis process. Synthesis
strategies assisted by ultrasonication were previously adopted
to successfully produce CsPbBr; NCs.">'* Xu et al. proceeded

This journal is © The Royal Society of Chemistry 2023
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with a one-step precipitation strategy to produce CsPbBrj
nanoplatelets (NPLs) and ultrasonicated these NPLs to obtain
their quantum dots (QDs).'* However, their strategy was
incomplete without HBr and acetone, which were essential for
precipitating the NPLs and QDs out of the precursor solution.
In contrast, Rao et al. demonstrated a suitable polar-solvent-
free approach by completely relying on ultrasonication to
obtain high-quality CsPbBr; NCs.'* They varied the power and
duration of the ultrasound waves as well as the quantity of the
capping ligands to obtain NCs of different shapes and sizes.
The ultrasound waves were channelled to the precursor solu-
tion using a high-power tip-sonicator system. A tip-sonicator
passes a focussed beam of ultrasound waves that can rapidly
produce nanocrystals in a short span of time. Nevertheless,
this method comes with certain limitations and challenges.
The probe of the tip-sonicator must always be in contact with
the solution, which can introduce contaminants that can
hamper the quality of the final NCs. Furthermore, it is challen-
ging to reproduce the results using a tip-sonicator as the posi-
tion of the probe immersed in the solution can differ from the
results. Also, the sonication effect is more focused on the
vicinity of the probe, so, the solution will require mixing and
often stirring between the sonication cycles to obtain a hom-
ogenized result. Due to high-power streaming through the
probe, the temperature of the solution can rise, causing unin-
tentional heating and, consequently, leading to the formation
of defects in the NCs. CsPbBr; NCs experience adverse effects
at higher temperatures and they transition from the optically
active phase to an optically inactive phase. Hence, it is necess-
ary to frequently monitor the temperature to avoid the for-
mation of the optically inactive phase of the NCs. Also, it is
not possible to perform continuous sonication of the solution
to avoid the rise in temperature.

This work addressed these issues by adopting a simple
ultrasonic bath method to produce CsPbBr; nanoparticles
(NPs). Compared to tip-sonicator equipment, an ultrasonic
bath has a very cost-effective setup that disperses ultrasound
waves of lower power across the solution without introducing
any probe directly into it. This eliminates the possibility of the
solution being contaminated. As the ultrasound waves of low
power are dispersed across the medium, the chances of the
solution getting heated are very low. The temperature of the
synthesis remains below 50 °C and there is no risk of the emer-
gence of the optically inactive phase of the NCs using this
approach. This rules out the need for frequent monitoring of
the temperature. In addition, in-person attendance throughout
the synthesis process is not required unlike other synthesis
protocols. Considering these benefits, the preparation of
CsPbBr; NPs by the ultrasonic bath method was preferred and
different durations of ultrasonication were tested and all other
parameters were kept constant. However, the control over the
synthesis parameters and particle size homogeneity get com-
promised while using an ultrasonic bath. Due to the lack of
fine control over the synthesis parameters, the nanoparticles
obtained from the ultrasonic bath process can often be a
mixture of multiple phases.

This journal is © The Royal Society of Chemistry 2023
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2. Experimental
Chemicals

The following chemicals were used in this study: CsBr (cesium
bromide 99.9%, Sigma-Aldrich), PbBr, (lead(u) bromide >98%,
Sigma-Aldrich), oleylamine (Acros Organics), oleic acid (>99%,
Sigma-Aldrich), and toluene (ACE Ltd, South Africa). All the
chemicals were used without further purification and
processing.

Synthesis of CsPbBr; NPs by the ultrasonic bath method

0.1 mmol CsBr (21.28 mg) and 0.1 mmol PbBr, (36.70 mg)
were added into 5 ml of toluene in a glass beaker. 0.1 ml of
oleic acid (OA) and 0.2 ml of oleylamine (OAm) were also
added to the solvent. The beaker along with the contents was
immersed in an ultrasonic water bath (Bandelin Sonorex) and
ultrasound waves passed through the solution.
Sonication was provided for different durations of time (viz.
2 h,4h,6h,8h,10 h and 12 h). The temperature of the solu-
tion was recorded during ultrasonication and it was found that
the temperature varied between 40 and 45 °C. On the success-
ful reaction of the precursors, the solvent gradually trans-
formed from a transparent liquid to a yellowish solution. To
remove the bigger particles and the unreacted precursors, the
entire solution was centrifuged at 6000 rpm for 10 min. The
supernatant was discarded and the precipitates were redis-
persed in 5 ml of toluene. The redispersed solution was centri-
fuged for 5 min at 6000 rpm and the supernatant was collected
for further characterization. Hereafter, the NPs prepared at
2h,4h,6h,8h,10 h and 12 h shall be addressed as CPB2,
CPB4, CPB6, CPB8, CPB10 and CPB12, respectively.

were

Characterization

The X-ray diffraction (XRD) patterns of the synthesized
CsPbBr; NPs were acquired using a Bruker D8 Advance diffr-
actometer (Bruker, Germany) operated at a wavelength of
1.5406 A (Cu-K, radiation) at 40 kV and 40 mA. The diffract-
ometer was attached with a 2.2 kW Cu-anode, Lynx Eye detec-
tor and ceramic X-ray tube as the source. The ultraviolet and
visible (UV-Vis) absorption spectra of the CsPbBr; colloidal
solutions were recorded using a PerkinElmer 950 lambda
spectrophotometer. The high-resolution transmission electron
microscopy (HR-TEM) images and selected-area electron diffr-
action (SAED) patterns of the colloidal particles were obtained
using a JEOL JEM 2100. X-ray photoelectron spectroscopy
(XPS) survey scans were performed using a PHI Quantes Dual
Scanning X-ray Photoelectron Microprobe with a pass energy
of 280 eV in energy steps of 1 eV per step and a stay time of
50 ms per step. The binding energy (BE) charge correction for
adventitious carbon (C 1s) was achieved by correcting the refer-
ence BE value of 284.8 eV. The peak fitting and analysis of the
XPS scans were performed using XPS peak 4.1 software. The
steady-state photoluminescence (PL) spectra were recorded
using an Edinburgh FS5 spectrofluorometer equipped with a
150 W xenon lamp and a slit width of 0.5 nm. Time-resolved
photoluminescence (TRPL) and PL quantum yield (PLQY)
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measurements were recorded using an Edinburgh FLS 980
spectrofluorometer using the 360 nm emitting picosend
pulsed light emitting diode (EPLED) module pulsating at 1 ps
and the integrating sphere, respectively. The photocurrent-
voltage (I-V) curves were recorded using a solar simulator
(VeraSol Class AAA) equipped with a Keithley 2450 source
meter and LSS-7120 controller under AM1.5G illumination.
Prior to measurements, the calibration of the light intensity
was carried out using a reference cell (Newport 91150V). The
perovskite NPs were coated on a 33 cm X 28 c¢cm Si cell using
the drop-casting method.

3. Results and discussion

Although the synthesis process was aimed at obtaining a pure
phase of CsPbBr; NPs, an alternate phase of Cs,PbBrg also
appeared in most samples. To record the XRD patterns, the
perovskite solutions were spin-coated on silicon wafers (with
(1 0 0) orientation plane) several times and dried. Fig. 1 shows
the XRD patterns of cesium lead bromide NPs prepared by
ultrasonication of the precursors for different durations. The
NPs exhibited dual phases of CsPbBr; and Cs,PbBrg corres-
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Fig. 1 XRD patterns of CPB2, CPB4, CPB6 CPB8, CPB10 and CPB12
NPs that were synthesized at different durations of ultrasonication: 2 h,
4 h, 6 h, 8 hand 12 h, respectively.
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ponding to the standard JCPDS data #18-0364 and #73-2478,
respectively. In the cases of CPB2 and CPB4, the NPs existed in
a mixed phase with the hexagonal phase of Cs,PbBrg as the
dominant one. These patterns also showed some peaks corres-
ponding to PbBr,, thus, indicating the presence of unreacted
PbBr, precursors. This is evident from the XRD patterns
shown in Fig. 1. The delayed dissolution of PbBr, resulted in a
Cs-rich solution that favoured the formation of the Cs,PbBrg
phase for the lower durations of ultrasonication. However, the
phase of the NPs was found to evolve into the monoclinic
phase of CsPbBr; for CPB6, CPB8 and CPB10. The Cs,PbBrg
phase was found to be suppressed and the trace peaks of
PbBr, completely vanished for CPB6, CPB8 and CPB10. This
probably resulted from a better reaction between the precur-
sors at a longer duration of ultrasonication. The CPB8 NPs
yielded the purest CsPbBr; phase and no visible traces of the
Cs,PbBre phase were detected in its XRD pattern. On the other
hand, CPB6 and CPB10 NPs resulted in the formation of domi-
nant CsPbBr; NPs with some traces of the Cs,PbBrs phase.
Since the CPB8 NPs yielded a nearly pure phase of CsPbBrj, it
was expected that higher durations of ultrasonication should
also yield similar results. But contradicting these expectations,
the CPB10 and CPB12 NPs produced higher proportions of the
Cs,PbBrs phase. From these observations, it can be concluded
that longer durations of ultrasonication produced adverse
effects on the quality of the NPs and may have disintegrated
the CsPbBr; phase to form a more stable 0-dimensional
Cs,PbBr, phase.' The passage of ultrasound waves for longer
durations elevated the synthesis temperature to around 45 °C,
which might have favoured the formation of the Cs,PbBrg
phase. The crystallite size of CPB8 NPs was determined to be
97 nm using the Williamson-Hall (W-H) plot as shown in
Fig. S1.f The XRD pattern of CPB8 NPs featured only three
groups of peaks as compared to the standard pattern for the
monoclinic CsPbBr; bulk material. This is due to the preferred
orientation of the nanoparticles along specific crystal planes.
When spherical nanoparticles are deposited on a surface,
there will be a random distribution of crystal plane orien-
tations with respect to the diffraction angle. As a result, relative
peak intensities of the stimulated XRD pattern for the bulk
material may be observed for spherical nanoparticles. In con-
trast, when the particles are non-spherical, the distribution of
the nanoparticles will be in non-random directions, and they
will be dried on the surface of the substrate with a preferential
orientation. As a result, the XRD patterns will reflect different
relative peak intensities depending on the morphology of non-
spherical nanoparticles. Additionally, the XRD pattern will
show only a certain specific number of peaks depending on
the preferred orientation of the nanoparticle and it might not
be like the XRD pattern of their corresponding bulk material.
This phenomenon has been discussed in detail by Holder and
Schaak.'® In this work, the sheet-like nanostructures of CPB8
NPs preferred to align with their (0 0 1), (1 0 0), and (1 1 0)
faces parallel to the silicon wafer. Hence, the only observable
XRD peaks corresponded to the crystal planes parallel to (0 0
1),(100),(110),(002),and (2 00).

This journal is © The Royal Society of Chemistry 2023
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The ultrasound waves also induced changes in the mor-
phology, which is evident from the TEM images shown in
Fig. 2(a) and (b). The CPB8 NPs exhibited a sheet-like structure
with a mean particle size of 32 nm. Additionally, the TEM
images of CPB8 showed inhomogeneity with the presence of
small irregularly shaped particles. The degree of inhomogen-
eity was higher for CPB12 NPs which showed distinct kinds of
particles that differed in both size and shape. Some NPs
retained the sheet-like morphology, while many smaller par-
ticles with spherical or irregular shapes became more promi-
nent. It can be suspected that the longer duration of ultra-
sound waves induced these changes in the morphology. The
average particle sizes of the NPs were determined using the
Gatan Microscopy suite. Fig. 2(c) and (d) show the particle-size
distribution of the NPs and the average size of the particles
through a lognormal distribution curve. Their corresponding
SAED patterns are shown in Fig. 2(e) and (f). The electron
diffraction patterns of CPB8 [Fig. 2(e)] were found to match
with the XRD patterns of monoclinic CsPbBr;. But the electron
diffraction pattern of CPB12 NPs [Fig. 2(e)] showed more
resemblance to the XRD patterns of the hexagonal Cs PbBre.

The chemical states and binding energies of each constitu-
ent element were determined by XPS. The primary interest of
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this XPS analysis was to investigate how the ultrasonication
time duration induced a change in the chemical environment
and BE of the elements in CsPbBr; perovskite nanocrystals.
The known binding energy of the pollutant carbon (C 1s) is
284.8 eV and was used as a reference to standardize the photo-
electron lines of other elements in CsPbBr; perovskite
nanocrystals.

Fig. 3 shows the wide scan XPS spectra of CPB8 and
CPB12 measured from 0 to 1400 eV. The survey spectra of
CPBS8 and CPB12 evidently authorize the major core levels (Cs
3d, Pb 4d, Br 3d, O 1 s, and C 1s) and Auger lines in the
CsPbBr; nanocrystals. The intensity of the binding energy
lines and Auger lines for the Cs, Pb, Br, and O elements in
CPB8 was comparatively higher than the ones found in CPB12.
In contrast, the binding energy intensity of the C (1s) lines was
relatively higher in CPB12 than in CPB8, which might be due
to the elapsed interaction of species with oleic acid and oleyla-
mine. To further explore the shift in BE and the change in the
chemical state, narrow scan XPS analyses were performed for
the CsPbBr; perovskite nanocrystals ultrasonicated at different
durations during the synthesis. It was observed that three
main elements (Pb, Br, O) were identified from the high-
energy XPS analysis to explore the effects of ultrasonication

(b)

7777 Lateral size of Nanoparticles

12 h

In Mean =3.31 nm
In SD =1.30 nm
Number of particles = 34

///////////////

7727w S d
0 50 100 150 250
Lateral size (nm)

(238)
(3249)
223)
(300)

012

S mrad

Fig. 2 TEM images of CsPbBr; NPs formed by different durations of ultrasonication: (a) CPB8 and (b) CPB12. The histograms of the lateral size dis-
tributions of the NPs: (c) CPB8 and (d) CPB12. (e) and (f) shows the SAED patterns of the CPB8 and CPB12 NPs, respectively.

This journal is © The Royal Society of Chemistry 2023

Dalton Trans., 2023, 52, 70-80 | 73


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03689d

Open Access Article. Published on 17 November 2022. Downloaded on 11/15/2025 12:20:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
—— CPB8
—— CPB12
Pb(NgO,50,5), H Cs(3dy;,) Pb(4f;,,), Pb(4f;,.) &
— = < | Cs(3dy,) =
g Pb(N,0,s0,s) = C(1s) L
= - o(ts) ra
o= | & ;\:
> ] ——— PN
bl Binding Fnergy (V) - L2 T
= Sa o
b = 0(35) O(KLL) \‘ l
- p—(
< ROt 2l cs3ay S : R e
~  J{PbN,0,0,) £ : L
>} T 45" 45, : i / ‘.g =
~ £ & T S
‘? 58y
Zz 5 E g2
L 745 740 735 730 726 720 g T @ R ";S q E
E A Binding Energy (eV) Binding Encrgy (cV) E ’T?:"?u
= O(KLL) { ¥ g 3%
c(3s) ' T l &%
- ‘%
0O(1s) ¢
- Pb(5p,,)—"
1 L] T T 1 L]
1400 1200 1000 800 600 400 200 0
Binding Energy (eV)

Fig. 3 Wide-scan XPS survey spectra of CPB8 and CPB12.

duration on CsPbBr; perovskite nanocrystals. Fig. 4 displays
the high-energy XPS spectra of Pb (4f), Br (3d), and O (1s)
regions of the elements in CPB8 and CPB12. Fig. 3(a and b)
shows the deconvoluted Pb 4f (Pb 4f,,, and Pb 4f;/,) regions in
CPBS8 and CPB12, respectively, during the synthesis. The CPB8
NPs have a maximum of three well-separated doublets
(Fig. 3(a)) identified at 137.7/142.6 eV, 138.3/143.2, and 139.0/
143.9 eV which corresponds to the +2-oxidation state of Pb
with the interaction of Pb-O, CsPbBr;, and Pb-Br,'®™"° respect-
ively. But the XPS spectra of CPB12 also splits into two doub-
lets (Fig. 3(b)) with an additional highly intense pair of peaks
found at 136.6/141.5, which is due to the interaction between
the elemental Pb and oleate.”’* Hence, the XPS spectra of
CPB12 demonstrated an increase of Pb-oleate species com-
pared to CPB8. These features can be visualized from the peak
fitting. Fig. 3(c and d) shows the high-resolution XPS spectra
of the Br (3d) region for CPB8 and CPB12, respectively. The
narrow scan XPS spectra of CPB8 showed a low-intense BE at
68.0 eV, and a high-intensity peak was found at 68.8 eV, which
are ascribed to the Pb-Br interactions in Cs,PbBr, and
CsPbBr;, respectively.'”?>** The Br (3d) region of CPB12 has
high intense binding energy lines at 68.2 eV and a low intense
peak at 69.4 eV, which also corresponds to the Pb-Br inter-
action in Cs,PbBrg and CsPbBr;, respectively.”® The binding
energy peak at 69.4 eV due to Br 3ds, and Br 3ds, splitting
was found to be stronger in CPB12, thus suggesting a higher
concentration of the Cs,PbBrs phase. In contrast, the CsPbBr;
phase was dominantly present in CPBS8, and this was evident
from the stronger BE peak at 68.0 eV. The XPS binding energy
spectra of the O 1s region of CPB8 comprise three deconvo-
luted peaks located at 530.7 eV, 532.1 eV, and 532.8 eV

74 | Dalton Trans., 2023, 52, 70-80

assigned to Pb-O*>* and O-H adsorption,”®?” and 0> and
carbon via sp> orbitals,*® respectively. But, the O 1s region of
CPB12 also split into three peaks. The peak at 531.3 eV can be
ascribed to the formation of superoxide (0,7),*® and the
binding energy line observed at 532.2 eV can be attributed to
the interaction of O-H groups.’® The photoelectron line at
533.2 eV is assigned to the interaction between H,O in the
hydrated perovskite surface and the organic oleate compounds
due to surface-level adsorption.”® From the high-energy XPS
spectra, we assume that the CPB12 NPs showed a change in
their surface electronic properties compared to CPB8 NPs.
This change in surface-level electronic properties might be due
to the prolonged interaction of the organic species and atmos-
pheric surface contaminations. The XPS spectra of Cs (3d) and
C (1s) regions in CPB8 and CPB12 NPs are furnished in Fig. S1
(ESIY). The XPS spectra of the Cs (3d) and C (1s) regions in the
CPB8 and CPB12 NPs didn’t show any remarkable change with
respect to the peak position and the BE values. Fig. S2(a and
bt) illustrates the deconvoluted XPS spectra of Cs 3d core
levels in CPB8 and CPB12, respectively. The Cs 3d region has
two well-separated doublets due to the Cs 3d3/, & Cs 3ds, elec-
tronic states. The binding energies of the first doublet
observed at 723.6/737.5 eV for CPB8 and 723.5/737.4 eV for
CPB12 were assigned to the Cs 3d region in the CsPbBr; nano-
crystals. The binding energy of the second doublet was
observed at 724.6/738.5 eV exactly for both CPB8 and CPB12
NPs, and it is due to the interaction of the Cs-N group.*®
Fig. S1(c and df) shows the XPS spectra of the fitted C (1s)
region in CPB8 and CPB12, respectively. The XPS spectra of
the C (1s) region in CPB8 and CPB12 split into two peaks. The
binding energy at 284.8 eV corresponds to the interaction of

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03689d

Open Access Article. Published on 17 November 2022. Downloaded on 11/15/2025 12:20:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

CPBS8

Pb (4f,)

Pb (4f)

—~
&
—

Pb (4f;,)

139.0ev sl

\143.2ev

143.9 eV 137.7 eV
N

Intensity (arb. units)

146 145 144 143 142 141 140 139 138 137 136
Binding Energy (eV)

CPB8

(o) [Br (3d)

Br (3d;,)& Br (3d;,)

Intensity (arb. units)

72 70 68 66 64

Binding Energy (eV)

CPB8

0 (1s)

—~
J
—

532.1eV
v

532.8 ¢

Intensity (arb. units)

530.7 eV

View Article Online

Paper
(b)[Pb @D CPB12
Pb (4f-,)
Pb (4f,) A
E 136.6 eV
g 141.5eV .6e
= /
-
=
g
2
E 137.6 eV
g ;
-

T T T T T T T T T T T
146 145 144 143 142 141 140 139 138 137 136 135 134 133

Binding Energy (eV)
(a)[Br Gy CPB12
Br (3d,,)& Br (3dy,)
—_ 68.2 eV 5
j<]
‘g
3
S8
=
g
2
©w
-]
Q
=

T T
72 7 70 69 68 67 66 65

Binding Energy (eV)

CPB12

f[oas)

ey

532.2eV

533.2eV

Intensity (arb. units)

5313 eV
a

T T T T T T
535 534 533 532 531 530 529 528

Binding Energy (eV)

T T T T T
535 534 533 532 531 530 529

Binding Energy (eV)

Fig. 4 XPS high energy spectra of (a and b) Pb 4f, (c and d) Br 3d, (e and f) and O 1s regions in CPB8 and CPB12, respectively.

C-C/C-H groups.® The other peaks located at 285.7 eV for 8 h
and 286.0 eV for CPB12 were attributed to the interaction
between C and 0.%'

The different durations of ultrasonication showed notice-
able effects on the PL properties of the NPs. This, in fact, was
a consequence of the formation of dual phases of CsPbBr; and
Cs,PbBrg that appeared in different ratios. The PL excitation
spectra of the NPs formed by different ultrasonication periods
are shown in the ESI (Fig. S3f). The excitation spectra were
recorded by monitoring PL emission at 515 nm. These spectra
demonstrated a significant difference in their nature that can
be ascribed to the presence of two perovskite phases. The
CPB2 and CPB4 NPs showed a broad excitation band whose
peak wavelength appeared at 352 nm. Comparing the XRD pat-
terns from Fig. 1, it can be inferred that the excitation peak
around 350 nm is solely emerging due to the Cs,PbBrs NPs. In
the cases of CPB6, CPB8 and CPB10, the nature of the exci-

This journal is © The Royal Society of Chemistry 2023

tation band changed drastically, and the peak wavelength
shifted above 410 nm. This nature can be attributed to the
CsPbBr; NPs which were dominantly formed. The CPB12 NPs
produced noticeably mixed proportions of CsPbBr; and
Cs,PbBrs NPs, due to which, the PL excitation band depicted
the nature of both these phases. The PL spectra of the pre-
pared NPs were recorded for two different excitation wave-
lengths, viz. 365 nm and 400 nm, as shown in Fig. 5. From the
literature, it is known that pure-phase CsPbBr; NCs produced
an intense single narrow-band emission centered between 505
and 520 nm.* Under 365 nm excitation, the intensity of the PL
emission was found to be proportional to the duration of ultra-
sonication, as shown in Fig. S4.1 But the peak position of the
NPs varied due to the presence of dual phases in the NCs. The
CPB2 NPs exhibited multiple emission peaks in the blue
region and a peak at 520 nm in the green region. This can be
attributed to the presence of multiple phases that just began

Dalton Trans., 2023, 52, 70-80 | 75
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to form after 2 h of ultrasonication. The NPs improved after
4 h of ultrasonication and showed only two emission bands,
viz. one in the blue (457 nm) and one in the green (513 nm)
regions. CPB6 NPs also showed similar emission bands, but
with higher intensities. CPB8 demonstrated an intense emis-
sion band in the green region and only a small hump in the
blue region. It can be deduced that the green emission
resulted from the CsPbBr; phase and the blue emissions
resulted from the zero-dimensional Cs,PbBrs. This fact was
further evident from the PL spectra of CPB10 and CPB12 NPs
which also confirmed the presence of the Cs,PbBre phase
along with CsPbBr;. Although CPB10 NPs exhibited a slightly
stronger intensity for the green emission than CPBS, they also
produced blue emissions that decreased their color purity. On
the other hand, CPB12 produced stronger blue emissions than
green emissions, which eventually resulted in the shifting of
the chromaticity coordinates from the green to the blue
region. The nature of the PL spectra, however, changed when
the NPs were excited at 400 nm. The PL intensity was found to
be proportional to the ultrasonication time up to 8 h, beyond
which the intensity seemed to be saturated. CPB2 NPs exhibi-
ted only one peak in the green region (519 nm) and the blue
peaks were virtually suppressed. The nature of the PL emission
bands for CPB4, CPB6, CPB8, CPB10 and CPB12 was similar
for both excitation wavelengths (365 nm and 400 nm). The PL
emission bands with narrow full-width at half maxima
(FWHM) indicate the narrow-size distribution of the par-
ticles.>” The green emission of CPB8 NPs showed an FWHM of
26 nm, which is slightly higher than the reported values
(~18-20 nm) for phase-pure CsPBBr; NCs.*>* This indicates
that CPB8 NPs were formed with a broader size distribution of
particles due to the lack of fine control over the synthesis para-
meters. The PL FWHM values of CPB10 and CPB12 NPs were
found to be 28 nm, whereas those of CPB6 and CPB4 NPs were
29 nm and 45 nm, respectively. The broad FWHM values
reflect the degree of inhomogeneity in the particle size of the
NPs that resulted from uncontrolled sonication using dis-
persed low-energy waves. The details of the PL spectra can be
well observed in the ESI (Fig. S5 and S6t). The variation in the

76 | Dalton Trans., 2023, 52, 70-80

chromaticity coordinates of the NPs under 365 nm excitation
is shown in Fig. 6. The UV-Visible absorption spectra of the
NPs were investigated to study their optical properties. Fig. 7
shows the absorption spectra together with their corres-
ponding PL emission spectra. The absorption spectra behaved
differently for different NPs. CPB2 NPs showed weak absorp-
tion edges at 517 nm, whereas CPB4 showed absorption edges
at 455 and 497 nm. CPB6 NPs had a strong absorption edge at
456 nm and another at 509 nm. However, CPB8 was an excep-
tion among all the samples, and it showed one strong absorp-
tion edge at 497 nm. In the case of CPB10, the absorption
edge at 494 nm appeared as a small hump, along with a strong
absorption edge at 456 nm. The absorption at 494 nm became
stronger for CPB12 and was accompanied by a stronger absorp-
tion edge at 456 nm. The absolute quantum yield (QY) values
of the CPB8 and CPB12 NPs were recorded using a “direct exci-
tation” method on an Edinburgh FLS980 with an integrating

470

0.0
00 0.1

02 03 04

X

05 06 07 08

Fig. 6 CIE chromaticity diagram of the NPs excited at 365 nm.
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Fig. 7 UV-Vis and PL spectra of (a) CPB2, (b) CPB4, (c) CPB6, (d) CPB8, (e) CPB10 and (f) CPB12 NPs. The inset shows the photographs of the

samples taken under a fluorescent lamp and 360 nm UV light.

sphere. The absolute fluorescence QY (1) is defined as the ratio
of the number of photons emitted (Ney,) to the number of
photons absorbed (N,ps).

n= Nem
Nabs ’

Fig. 8 shows the PL spectra of the QY measurements per-
formed for CPB8 and CPB12 NPs excited at 365 nm. The CPB8
and CPB12 NPs were found to exhibit QYs of 50% and 53%,
respectively.

The time-resolved PL decay curves recorded for the NPs,
excited at 360 nm and monitored for their green emission
bands, are shown in Fig. 9. The decay curves were fitted using
the Fluoracle software (Edinburgh Instruments) fit using a
four-exponential function:

I = Aven +Ayen + Aes + Agent

This journal is © The Royal Society of Chemistry 2023

where Ay, A,, A3 and A, are the decay constants and 74, 7,, 73 and
7, are the decay lifetimes, respectively. The curves showed a
faster decay for lower ultrasonication durations and as the ultra-
sonication time increased the decay became slower. Among all
the NPs, an exceptionally high decay lifetime value was found
for CPB8 NPs. CPB10 and CPB12 decayed much faster than
CPBS. The decay lifetime values for the green emission of all
the NPs are shown in Table S1.f The experimental PL decay
curves for the green emissions were fit with four-exponential
functions by monitoring the goodness of fit. In most literature
reports, the PL decay curves of homogeneous CsPbBr; NCs were
fit using a tri-exponential function that consisted of short-lived,
mid-lived, and long-lived lifetime components.**” The short-
lived decay lifetime >1 ns can be attributed to the intrinsic
exciton relaxation.>® The mid-lived lifetime can be attributed to
the interaction between the excitons and the phonons, whereas
the long-lived lifetime corresponds to the interaction between

Dalton Trans., 2023, 52, 70-80 | 77
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emission peak.

the excitons and the defects. The heterogeneous nature of the
samples due to the presence of inhomogeneous irregularly
shaped particles resulted in additional defects/trap dynamics.®
As a result, a fourth ultralong-lived lifetime component origi-
nated in the curve-fitting. Compared to the green emissions, the
NPs showed relatively low decay lifetime values of their corres-
ponding blue emissions (Table S2t). The PL decay curves for
the blue emission of the NPs were fit using a tri-exponential
function and are shown in Fig. S7.1 Contrary to the green emis-
sion curves, the PL decay curves showed slower decay when the
ultrasonication time increased up to 12 h.

To investigate the potential of the prepared perovskite NPs
as a spectral downshifting material for improving the existing

78 | Dalton Trans., 2023, 52, 70-80

silicon solar cell efficiency, the I-V characteristics of a polycrys-
talline silicon solar cell were studied before and after coating
the CPB8 NPs on them. The NPs were coated using the drop-
cast method and allowed to evaporate to form a reasonable
coating on the Si cell. The temperature of the solar illumina-
tion was recorded using a Newport 91150V reference cell and
meter. The temperature was found to be approximately 40 °C
throughout the measurements. The power density of the refer-
ence cell was recorded before both measurements, which was
utilized while calculating the power conversion efficiency
(PCE). Fig. 10 shows the I-V curves for the solar cell without
and with the perovskite layer coating on its top surface. The
power vs. voltage plot for the solar cells with and without the

This journal is © The Royal Society of Chemistry 2023
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CPB8 perovskite coating under solar simulator illumination.

Table 1 Solar cell parameters with and without the perovskite coating
under AM1.5G solar simulator illumination

With the
Without the perovskite

Solar cell coating coating
Short-circuit current, Iy, (A) 0.2889 0.3513
Open-circuit voltage, Vo (V) 0.6299 0.6299
Maximum power point, MPP (W) 0.0572 0.0622
Fill factor, FF 0.3142 0.2809
Area of the cell, 4 (m?) 0.000924  0.000924
Power density of the reference cell (kW m™2) 0.9203 0.8125
Power of the reference cell, Py, (W) 0.8503 0.7507
Power conversion efficiency, PCE (%) 6.72% 8.28%

perovskite coating is shown in Fig. 11. Their corresponding
solar cell parameters are presented in Table 1. The PCE of the
solar cell without the coating was found to be 6.72%. After

This journal is © The Royal Society of Chemistry 2023
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coating the CPB8 NPs, the PCE of the cell was enhanced to
reach a value of 8.28%. Under solar illumination, the top
surface of the Si cell emitted green light due to the perovskite-
coating. The efficiency of the cell was found to enhance by
18.84% after coating with perovskite NPs.

4. Conclusion

We demonstrated a low-cost, polar-solvent-free synthesis of
CsPbBr; NPs by employing an ultrasonic bath method.
Compared to tip-sonicators, the CsPBBr; nanoparticles pre-
pared by the ultrasonic bath method failed to produce a pure
phase, and multiple phases of Cs-Pb-Br perovskites ended up
in the final product. There was a large inhomogeneity in the
particle size of the NPs that led to the broadening of the PL
emission band. In addition, the synthesis process was longer
than the tip sonication process. Nevertheless, all synthesis pro-
cesses are accompanied by their own pros and cons, and
hence, the demerits of the ultrasonic bath method may be
acceptable considering the lower production costs. Despite
being a lengthy process, this method rules out several disad-
vantages experienced in the tip-sonication method. The dur-
ation of the sonication produced different results in the for-
mation of the NPs. Although the CsPBBr; phase was expected
to form when the precursors were taken in a 1: 1 ratio, the for-
mation of the Cs,PbBrs phase was observed, especially, during
lower durations of ultrasonication. This occurred mainly due
to the quick solubility of the CsBr precursors that provided a
Cs-rich environment for the NPs to grow. However, longer dur-
ations of sonication ensured better solubility of both CsBr and
PbBr, precursors that favoured the formation of the CsPbBr;
phase. The purest phase of CsPbBr; was found for 8 h of soni-
cation. Yet, the Cs,PbBrs phase was found to form when the
sonication time exceeded 8 h. It is assumed that prolonged
sonication and rising temperature in the medium might have
disintegrated the CsPbBr; phase to form a much more stable
zero-dimensional phase of Cs,PbBre. Eventually, two emission
bands (blue and green) were observed for the NPs prepared by
12 h of sonication with a PLQY of 53%. On the other hand, the
NPs prepared by 8 h of sonication showed a single narrow
band in the green region with a PLQY of 50%. As the tempera-
ture of the solvents during sonication did not exceed 45 °C, an
optically active phase of CsPbBr; NPs was obtained. The poten-
tial of the CsPbBr; NPs prepared by 8 h of sonication as a spec-
tral downconverting material for solar cells was also investi-
gated by coating them on a silicon solar cell. The perovskite-
coating enhanced the power-conversion efficiency of the solar
cell by 18.84%.
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