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Green synthesis of 3D cesium lead

halide perovskite nanocrystals and 2D
Ruddlesden—Popper nanoplatelets

in menthol-based deep eutectic solventsy

Shovon Chatterjee, 2 Arghya Sen‘® and Pratik Sen (2 *

Organic solvent hazards are the most overlooked part of perovskite research. In this report, we
employed menthol based deep eutectic solvents (DESs) as a green medium for the synthesis of cesium
lead halide (CsPbXs; X = Cl, Br, |, or either both) nanocrystals (NCs) and nanoplates (NPLs) with high
PLQY (maximum of 78%) aiming to reduce the synthesis related toxicity. The reaction temperature and
added precursor ratio in the DES medium were found to be the key factor in controlling the
dimensionality of the NCs. The synthesized NCs and NPLs in the DES medium suffer from common
halide vacancy-related defects, which were passivated by oleylammonium halide treatment to achieve
near unity PLQY. With green DES as a synthesis medium, the present synthetic protocol lowered the
crystallization temperature, allowing ambient condition synthesis, and yields high quality NCs/NPLs with
an almost uniform size distribution. This study presents a novel approach to the environmentally friendly
synthesis of NCs and NPLs, which holds great potential for the practical large-scale synthesis of

rsc.li/frontiers-materials perovskites in industrial settings.

Introduction

Nature necessitates the environmental sustainability of all
industrial productions. Among several factors, solvent use is a
substantial contributor to the overall toxicity profile of an
industrial process."” To tackle this issue, diverse green solvents
are being introduced in lieu of conventional hazardous organic
solvents in a variety of applications.>™* Amidst all the alternate
solvent media, deep eutectic solvents (DESs) are quickly gaining
interest among researchers because of their uniqueness like
easy preparation, fine tunability, cost-effectiveness, etc.>”
Although DESs have already been identified as alternate sol-
vents for biochemical applications,*” their use in materials
science has not been explored yet. Herein, we used menthol-
based DESs as a green solvent media to synthesize pure
inorganic cesium lead halide nanocrystals (NC) (CsPbX; NCs,
X = Cl, Br, I) which largely reduces the organic solvent-related
hazards of perovskite NC synthesis. The photoluminescence
tunability from violet to red has been achieved in DES media by
tuning the halide compositions. The reaction temperature and
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cesium to lead precursor ratio in the DES medium were found
to be the key factor in controlling the dimensionality and were
further used to synthesize Ruddlesden-Popper (OAm),Cs,Pb;Br;,
nanoplatelets (NPLs) with blue photoluminescence.

Perovskite research has advanced at breakneck speed in
the last decade.®” Due to their defect-tolerant nature, high
photoluminescence quantum yield (PLQY), and narrow PL
bandwidth, the nanocrystalline form of lead halide perovskites
have proved their immense potential in the field of opto-
electronics.®” However, because of their low environmental
and water stability, their practical application is still a long way
off.>° Lead toxicity is still a key issue in perovskites, which is
driving the development of lead-free perovskites.'®'" However,
overcoming solvent-related toxicity during synthesis (typically
due to toxic DMF, NMP, skin penetrating DMSO, skin irritant
octadecene, etc.) is yet another crucial but overlooked aspect of
this research field.'"> Another major worry is that these pre-
cursor solvents have a high propensity to coordinate with the
perovskite surface, allowing the perovskite structure to
degrade.” Using ionic liquids (ILs) as a precursor media, a
few breakthroughs have been achieved in this direction.'
Moore et al. reported the synthesis of methylammonium lead
iodide thin films from a methylamine/short chain carboxylic
acid IL medium in 2015."* Following this, a number of studies
have been published that indicate how IL additives can regu-
late crystal formation, stability, and surface modification in
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perovskite thin films.*>'®> However, all of these reports revolve
around the thin film/solar cell applications of perovskites. For
the first time Hoang et al. reported the green synthesis of
methylammonium lead bromide NCs in 2020.'® By combining
methylamine with short-chain aliphatic carboxylic acids, they
were able to synthesize an IL medium, which was used to
synthesize MAPbBr; NCs with ~50% PLQY. Recently, we
employed highly hydrophobic lauric acid to prepare a methyl-
ammonium laurate IL medium, which finally leads to the
formation of water stable MAPbBr;@laed laurate core-shell
nanostructure with near-unity PLQY."”

One of the major drawback of this IL-based alternate solvent
media is the poor solubility of the precursor salts. The use of
solid lead halide salts for synthesizing perovskites in IL media
restricts the possibility of the doping and synthesis of mixed
perovskite materials.'®'” The only solution is to increase a
universality of the alternate solvent, where both the hydro-
phobic and hydrophilic precursors are soluble. To tackle this
issue we have used menthol based DESs (Fig. 1a-d), ca. 1:2
lauric acid/menthol (LAMe), 1: 1 caprylic acid/menthol (CAMe),
and 1: 1 butyric acid/menthol (BAMe).'®"® The solubility of lead
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halide salts in these DES media are excellent in the presence of
oleylamine (OAm). Using this key solubility factor, we have
synthesized highly luminescent CsPbX; NCs and 2D RP NPLs in
this green DES medium.

Experimental section

Chemicals

Menthol (Sigma Aldrich, 99%), lauric acid, caprylic acid, butyric
acid, lead bromide (Sigma Aldrich, 99%), lead chloride (Sigma
Aldrich, 99%), lead iodide (Sigma Aldrich, 99%), and oleyl-
amine (TCI Chemicals, 60%) were used as received. Hydrochlo-
ric acid (Merck, 37% in water), hydrobromic acid (Alfa-Aesar,
48% water), hydroiodic acid (TCI, 57% in water), and hexane
(TCI) were used without further purification.

Synthesis of DESs

The DESs were synthesized by heating acids in the right molar
ratio with menthol. LA-menthol DES (LAMe) is created by
mixing LA with menthol in a 1:2 ratio. CA-Menthol (CAMe)

=N Precursor

100°C

Stirring
e SRR R
e i

~ CsPbBr; NCs
in DES

‘*U. » ¥y,

Fig. 1 DES as a synthesizing medium. (a) Natural sources of the menthol, lauric acid (LA), caprylic acid (CA) and butyric acid (BA). Photographic images of
(b) BAMe, (c) CAMe and (d) LAMe deep eutectic solvents. (e) Preparation of CsPbBrz NCs in a DES medium. Photographic image of crude CsPbBrz NCs in
day light and under UV light is also given. A photographic image of a purified NC suspension is given in the right most side. Transmission electron
microscopic (TEM) images of (f) CsPbBrs NCs in a LAMe DES medium (CPB-LAMe), (g) CsPbBrs NCs in a CAMe DES medium (CPB-CAMe), and (h) CsPbBrs

NCs in a BAMe DES medium (CPB-BAMe).
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and BA-Menthol DESs, on the other hand, were created ina 1:1
ratio using the same process. The DESs are transparent liquids
at room temperature. These DESs were characterized using
FTIR, and thermogravimetric studies (TGA).

H-bond donor H-bond acceptor  Molar

(HBD) (HBA) ratio Appearance

Lauric acid (LA) Menthol 1:2 Transparent
liquid

Caprylic acid (CA)  Menthol 1:1 Transparent
liquid

Butyric acid (BA) Menthol 1:1 Transparent
liquid

Synthesis of Cs-precursor in DES medium

0.69 g of CsCO; salt was added to 1 ml of DES (LAMe, CAMe
or BAMe) and was stirred at 100 °C until it formed a clear
colourless solution. This Cs-precursor was stored in normal
atmospheric conditions. At room temperature this Cs-precursor
become solid. This was again re heated at different tempera-
tures (depending upon the NC synthesizing temperature)
before injecting.

Synthesis of oleylammonium bromide (OAmBr) and
oleylammonium iodide (OAmBr) salts

OAmX salts were prepared by the procedure reported in our
previous publication.'” In short, 10 ml of oleylamine (OAm) was
taken along with the required amount of hydrohalic acid
(For OAmBr 1.28 mL of HBr and for OAmI 1.5 mL of HI) in a
25 mL two-neck round-bottomed flask. The resulting reaction
mixture was heated at 120 °C for 2 h in a nitrogen atmosphere.
The reaction temperature was then increased to 150 °C and
the mixture was further heated for 30 min. The concentra-
tions of the OAmBr and OAmI salts were 1.07 mmol mL ™" and
1.14 mmol mL™", respectively. The hexane diluted solution
(0.051 mmol mL ™" OAmBr) was then used for surface treatments.

Synthesis of CsPbBr; NCs in DES medium

7.2 mg of PbBr, salt was placed in a vial with 2 ml DES (LAMe,
CAMe or BAMe). Then 150 pL of OAm was added to this mixture
and stirred at 100 °C until PbBr, fully dissolved. The cesium
precursor was then heated at 100 °C. 100 pL of this heated
cesium precursor was then swiftly injected into the PbBr,
precursor in the DES. Instantly light yellow colored NCs formed
which showed green photoluminescence under UV light. These
NCs were then centrifuged at 15000 rpm for 1 hour. The
supernatant DES was discarded and the NCs were washed
thoroughly with methyl acetate and were then dissolved in
hexane and centrifuged again at 10000 rpm for 10 mins. The
residue, containing the large particles, was discarded. The
supernatant contained NCs of uniform size and was used for
further studies.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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CsPbBr; NPLs with different width were synthesized using
the same procedure, except for changing the temperature
(100 °C, 75 °C, and 50 °C) and the cesium precursor amount
(25 pL, 50 pL, 75 pL and 100 pL) in LAMe.

It is important to mention that, we were not able to
synthesize stable CsPbl; NCs by using the OAm ligand. The
synthesized CsPbI; using the OAm ligand quickly transferred to
the non-emissive yellow phase immediately after preparation.
For this, we have alternatively used an OAmI salt as a ligand to
synthesize relatively stable CsPbI; NCs.

Synthesis of other CsPbX; NCs (X = Cl, Cl/Br, Br/I, and I) in DES
medium

The other halide perovskite NCs were also prepared by a similar
procedure except for CsPbI; NCs. For CsPbCl; NCs, 5.4 mg of
PbCl, salt was dissolved in 2 ml LAMe DES in the presence of
OAm at 100 °C. Then 100 pL of the Cs-precursor was injected
into it. Immediately a white colour of CsPbCl; NC formed.
These NCs were then centrifuged at 15000 rpm for 1 hour. The
supernatant DES was discarded and the NCs were dissolved in
hexane and centrifuged again at 10000 rpm for 10 mins. The
supernatant contained NCs of uniform size and were used for
further studies. For CsPb(Cl/Br)s, a mixture of 2.7 mg of PbCl,
and 3.6 mg of PbBr, were taken in DES whereas for CsPb(Br/I);
NCs 3.6 mg of PbBr, and Pbl, were taken and the respective
NCs were prepared by a similar procedure. For CsPbl; NCs,
9 mg of Pbl, was dissolved in 2 ml LAMe in the presence of
200 uL OAmI and was then prepared by similar procedure.

In the present study DESs are used as the solvent media for
the synthesis of perovskites. We believe the formation of
cesium carboxylate through the reaction between Cs,CO; and
RCOOH (a DES component) is the primary step for the reaction
that then combines with PbX, to form CsPbX; (where X is Cl,
Br, I), as shown below.

Cs,CO; + RCOOH = 2CsCOOR + H,0 + CO,

2CsCOOR + 3PbX, = 2CsPbX; + Pb(COOR),

Surface treatment of CPB NCs/NPLs with OAmBr

The surface treatment by OAmBr salt was done by a dilute
solution of OAmBr in hexane (0.051 mmol ml™"). 20uL of this
diluted solution was added to the hexane suspension of CPB-
LAMe having an absorbance of 0.21 at the absorption band
edge. For CPB-2D (n = 3), again 20 pL of this diluted solution of
OAmBr was added to the NPL suspension having an absorbance
of 0.25 at the excitonic band edge maxima.

Synthesis of CsPbBr; NCs by a hot injection procedure
(pristine CPB)

The pristine CsPbBr; NCs were prepared by the reported
procedure by Protesescu et al.?® In brief, 0.16 g of Cs,COs;,
6 mL of ODE, and 0.5 mL of OA were mixed together in a 50 mL
double-necked round-bottom flask (RB), which was heated
under vacuum at 120 °C for an hour and then under nitrogen
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atmosphere until all of the Cs,CO; had reacted with OA to form
Cs-oleate. This solution was maintained at this temperature for
its use to avoid precipitation. In another 50 mL double-necked
RB, 0.069 g of PbBr, along with 5 mL of ODE, 0.5 mL of OA, and
0.5 mL of OAm were mixed and heated under vacuum at 110 °C
for an hour. The temperature was then increased to 170 °C
under a nitrogen atmosphere and 0.45 mL of pre-heated
Cs-oleate solution was injected swiftly followed by immediate
cooling of the solution in ice-cold water. The NCs were obtained
by collecting the precipitate upon centrifuging the whole disper-
sion at ~8000 rpm and were washed with 1:1 methyl acetate
followed by dispersing in hexane for further measurements.

Microscopic characterizations

The high-resolution transmission electron microscopic (HRTEM)
images were collected on a Titan G* 60-300 microscope. Samples
for HRTEM were prepared by casting one drop of the diluted
suspension of NCs after 10 mins of sonication on a carbon-coated
copper grid (Ted Pella). The grid was dried overnight before
imaging.

Powder X-ray diffraction (PXRD)

X-ray diffraction patterns were collected by a PANalytical Xpert
Powder diffractometer with Cu-Ka as the incident radiation
(4 =0.154 nm) in the 20 range between 5° to 50° with steps of
0.01°. For the sample preparation, we have used an NC suspen-
sion in hexane. This NC dispersion was then drop casted on a
glass slide and kept in the open air for complete solvent
evaporation.

X-Ray photoelectron spectroscopy (XPS)

The XPS data were collected using a PHI 5000 Versa Prob II
instrument. The sample was prepared by same process as for
powder XRD on a very thin glass slide.

IR measurements

The Fourier transform infrared (FTIR) measurements were
carried out using a Bruker Alpha-P FTIR with an ATR accessory.

TGA measurements

The thermal stabilities of the DESs were determined by thermo-
gravimetric analysis (TGA) using a Mettler Toledo TGA/DSC 1
instrument. A dynamic mode at a temperature range from
(17 to 250) °C with a heating rate of 5 °C min~" was used to
determine the onset of decomposition temperatures.

Absorption, emission and PL-lifetime measurements

The absorption and emission spectra were collected in a
commercial UV—visible spectrophotometer (UV-2450, Shimadzu,
Japan) and spectrofluorimeter (FluoroMax4, Jobin-Yvon, USA),
respectively. The PL transients were recorded using a commercial
time correlated single photon counting (TCSPC) setup (LifeSpecll,
Edinburgh Instruments, UK) with excitation by a 405 nm diode
laser (EPL-405, Edinburgh Instruments, UK) at the magic angle
condition. The full width at half maxima of the instrument
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response function (IRF) was 120 ps. The average lifetimes were
calculated using the following equation:

2

a;T;
weTi ®

i

Where t; is the lifetime of the i-th component and a; is the
relative percentage of the i-th lifetime component. The PL
transients were fitted with the sum of two exponentials along
with the deconvolution with the IRF. The PL quantum yield
(PLQY) of the NCs was calculated using coumarin 30 in aceto-
nitrile as the reference.

Femtosecond transient absorption spectroscopy study

Transient absorption spectra were recorded in our broadband
femtosecond transient absorption spectrometer (Femto-Frame-1I,
IB Photonics, Bulgaria). The fundamental output 800 nm 80 fs
beam from a Ti-Sapphire regenerative amplifier (SpitfirePro XP,
Spectra-Physics, USA) pumped by a 20 W Q-switched Nd:YLF laser
(Empower, Spectra-Physics, USA) and seeded by a Ti-Sapphire
femtosecond oscillator (MaiTai SP, Spectra-Physics, USA) was
divided into two parts. One portion was passed through a
B-barium borate crystal to generate the second harmonic light
(400 nm). The other part was focused onto a sapphire crystal to
generate the white light continuum after passing through a
retro-reflector to adjust the delay between the pump and probe
light. The 400 nm light is the pump and the white light
continuum spread over 450-750 nm is the probe in our setup.
The maximum delay of 1 ns is recorded in the setup for this
experiment. The pump and probe light are focused on a 1 mm
cuvette containing the sample and after passing through the
sample, and only the probe light was collected, dispersed in
polychromator and detected using a CCD detector. The pump
power is generally kept 5 uyW and the probe power was kept
much less than the pump power. The overall instrument
response function was 120 fs.

Result and discussion

The DESs have excellent heat tolerance and remain colourless
liquids at room temperature. The TGA study shows no weight
loss until 100 °C for LAMe and CAMe (see Fig. S1 of the ESIf).
However, the degradation of BAMe starts around 60 °C (see
Fig. S1 of the ESIf). IR measurements were performed to
characterize the DES media as well. Menthol has a broad
O-H frequency centered at 3453 cm ™', and all acids are
characterized by a carbonyl frequency of ~1700 cm . Both
of the peaks get modified following the preparation of the DES
(see Fig. S2 of the ESIT). The formation of a hydrogen bonding
network between menthol and different acids is indicated
by such alterations in the carboxylic carbonyl stretching fre-
quency to higher values. The shift is most noticeable in LAMe,
implying the highest hydrogen bonding interaction among the
three DESs.

Among the pure inorganic perovskite NCs, green-emitting
CsPbBr; is the most celebrated considering its structural

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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stability and massive PLQY. The major synthetic protocol for
the synthesis of this NC is the hot injection method, where the
temperature is raised to ~170 °C in inert atmospheric condi-
tions to initiate the crystallization. Also in the hot injection
procedure, there is still no replacement of the hazardous and
toxic octadecene solvent. By keeping these drawbacks in
our mind, we planned to introduce a green solvent where a
comparatively lower injection temperature is used for the
crystallization of NCs without any inert atmospheric condi-
tions. CsPbBr; NC was synthesized by a simple two-precursor
approach at 100 °C in open atmospheric conditions by utilizing
the above mentioned DES media (see Fig. 1e and the Experi-
mental section). The CsPbBr; NCs synthesized in LAMe, CAMe
and BAMe are named as CPB-LAMe, CPB-CAMe, and CPB-
BAMe, respectively. The powder XRD patterns confirm that
the formed NCs are in a pure cubic crystalline phase (Fig. S3
of the ESIt). The FTIR spectra are utilized to probe the capping
ligand environments of purified dry CPB-LAMe, CPB-CAMe,
and CPB-BAMe NCs which are shown in Fig. S4 of the ESLt
All of the NCs have a weak and broad absorption band near
3400 cm ™, which originates from N-H stretching and absorp-
tions at ~2900 cm ' and 1460 cm ' are a characteristic
signature of the C-H stretching and bending mode respectively
due to the OAm capping ligand. The presence of the corres-
ponding aliphatic acids from the DESs as a capping ligand on
the NC surface is indicated by another distinctive absorption
band at 1700 cm ™' in all cases. Therefore, we can clearly
conclude that all of the synthesized CPB NCs have X-type
OAm and alkyl carboxylic acid (a constituent of DES) capping
ligands on the NC surface.®*" An energy dispersive X-ray (EDS)
analysis of the NCs was carried out to have an idea about the
elemental ratios of the NCs. CPB-LAMe shows a bromine to lead
ratio of 2.76 : 1, while for CPB-CAMe and CPB-BAMe it is 2.54:1
and 2.44:1, respectively, suggesting a bromine deficient sur-
face in all three NCs (Fig. S5 of the ESIf). This may originate
from the bromine-deficient reaction conditions as PbBr, salt
was utilized as a dual source of bromine and lead in our
synthesis. This problem is quite common in hot injection
synthetic processes.”>** The X-ray photoelectron spectroscopy
of CPB-LAMe was carried out to have a better understanding of
the surface composition of the NCs. The XPS analysis reveals
that the surface of CPB-LAMe has a bromine to lead ratio of
2.81 (Fig. S6 of the ESIt). The high resolution XPS spectra
further reveal the formation of Pb° along with the CPB NCs
(Fig. S6 of the ESI). The appearance of Pb® may be because of
the mild reducing power of OAm.>*

Fig. 1f-h show the transmission electron microscopic (TEM)
images of CPB-LAMe, CPB-CAMe, and CPB-BAMe, respectively.
In all cases, we can see the formation of almost square-shaped
NCs with uniform size distribution. The average size of CPB-
LAMe is found to be 12 + 3.6 nm whereas the average size
of CPB-CAMe and CPB-BAMe are found to be 12 + 4 nm and
11.2 + 3.4 nm respectively (Fig. S7 of the ESIT). The ring pattern
in the SAED confirm the cubic polycrystalline nature of the
synthesized NCs (Fig. S8 of the ESIt) for all cases. Fig. S9a of the
ESIt shows the HRTEM image of the CPB-LAMe. Fourier filtration
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of the selected area from Fig. S9d (ESIt) clearly shows two
crystal planes (110) and (200) corresponding to interplanar
distances of 0.41 nm and 0.29 nm respectively. Fig. S9b and
S9c (ESIt) shows the HRTEM images of CPB-CAMe and CPB-
BAMe respectively. Two crystal planes (110) and (200) corres-
ponding to interplanar distances of 0.40 nm and 0.30 nm,
respectively, can be seen from the Fourier filtration from the
selected area (Fig. S9 of the ESIT). For CPB-BAMe similarly, two
crystal planes (100) and (110) can be visualized from the Fourier
filtered image as well (see Fig. S9f of the ESIt). Therefore, we
conclude that our green solvent mediated lower temperature
synthesis in open atmospheric conditions is capable of produ-
cing high quality CPB NCs with a uniform size distribution.
The CPB NCs prepared in three different DES media at
identical conditions (100 °C) show almost identical optical
properties. The NCs show a broad absorption with an absorp-
tion edge at 510 nm and a sharp PL band centered at 513 nm in
all cases (Fig. 2). However, CPB-LAMe exhibited a high PLQY of
78%, whereas the NCs prepared in CAMe and BAMe show
relatively lower PLQY of 67% and 65%, respectively. The reason
for a high PLQY of CsPbBr; NCs prepared in LAMe may be
because of the effective passivation of the CPB NC surface by
both OAm and LA. To gain insight into the charge carrier
dynamics, the time-resolved PL studies of all three purified
CPB NCs have been done. All the time-resolved PL data have
been fitted with a sum of three exponential fitting functions,
suggesting three different recombination sites present in the
NCs. All the fitting parameters are tabulated in Table S1 of the
ESIL{ The long lifetime component of ~20 ns is assigned to
the recombination of the charge carriers through the surface
trap states.”»*® The ~6 ns lifetime component is ascribed to
the excitonic recombination process. >*”*® Although in some
literature, an opposite assignment has been proposed for the
shorter and longer lifetime components.>”*® In a recent article,
Becker et al. proposed that the long lifetime component origi-
nates from the trap induced delayed fluorescence.?® Thus, the
assignments of these two lifetime components are still under
debate and need further detailed investigation. The origin of
the shortest component ~1.4 ns is also a little bit ambiguous.
The literature says that this component indicates the presence
of additional defect sites in the NCs that facilitate the non-
radiative processes.>” This means that the CPB NCs can have
trapping sites other than the trap states that originate from the
unsaturated surface dangling nonbonding orbitals. One possi-
bility of such a trap state is the bromine vacancy in the NCs. To
verify this, we treated the NC suspension with a hexane solution
of OAmBr that acts as a source of bromide ions. This post-
synthetic treatment amplifies the PLQY of the system to
near unity from 78% and increases the average lifetime from
13.1 ns to 14.9 ns, suggesting a suppression of nonradiative
decay channels in the system. Interestingly, the short lifetime
component of 1.4 ns disappeared after OAmBr treatment (see
Table S2 of the ESIT). This further suggests the origin of the
short lifetime component is the recombination of the charged
carrier through bromine-related trap states. The PL stability of
these colloidal NCs was monitored for two months in ambient
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Fig. 2 Optical properties of CsPbBrs NCs synthesized in a DES medium
(CPB NCs). (a) Steady state absorption (black spectrum) and PL (green solid
spectrum) of hexane dispersed CsPbBrz NCs synthesized in a LAMe DES
medium (CPB-LAMe) (top panel), CsPbBrs NCs synthesized in a CAMe DES
medium (CPB-CAMe) (middle panel), and CsPbBrs; NCs synthesized in a
BAMe DES medium (CPB-BAMe) (lower panel). Corresponding PLQY
values are given alongside. (b) Time resolved PL of a hexane suspension
of CPB-LAMe (top panel), CPB-CAMe (middle panel) and CPB-BAMe
(lower panel). (c) PL amplification from PLQY 78% to near unity upon
OAmMBr treatment on CPB-LAMe. (d) Corresponding increment in PL
lifetime after OAmMBr treatment on CPB-LAMe. The excitation source
was a 405 nm laser having IRF 120 ps for all PL transient measurements.

conditions. CPB-LAMe was found to retain ~ 84% of its original
PL intensity after two months. Whereas CPB-CAMe and CPB-
BAMe retained ~60% of their PL intensity (see Fig. S10 of the
ESIt). This may be due to the better capping environment of
CPB-LAMe, which restricts its PL intensity loss in ambient
conditions.

To have a better insight on the charge carrier dynamics of
the synthesized CPB-LAMe, femtosecond transient absorption
spectroscopic measurements were performed, and the results
are compared with the pristine CsPbBr; NCs prepared through
the frequently followed hot injection procedure (pristine CPB)
(see Fig. S11 and S12 of the ESIf for TEM and optical char-
acterizations, respectively). The samples were excited above the
band gap at 400 nm with a femtosecond pulsed laser by
maintaining the same excitation power, and the time-resolved
difference absorption was measured. The results are shown in
Fig. 3. CPB-LAMe and pristine CPB shows strong photobleach
signals (PB) at 512 nm and at 507 nm, respectively, which
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correspond to their ground state bleaching (GSB). At early times
a strong excited state absorption (ESA) band around 530 nm is
observed for both the NCs corresponding to the hot carrier (HC)
absorption.*® For both CPB-LAMe and pristine CPB NCs, the
kinetics were fitted with a sum of three exponential functions.
The transient at the PB maxima (512 nm) shows a rise time
component of 270 fs (Fig. 3d) that corresponds to the cooling
of the HCs to the band edge position.***! For pristine CPB, the
HC cooling process shows a lifetime of 510 fs (Fig. 3f), which is
in line with previous studies.*® The relaxation of hot carriers to
the band edge depends on the carrier-phonon coupling.**?*?
The HC relaxation becomes faster when the carrier-phonon
interaction is higher.***® This carrier-phonon interaction in a
particular NC is highly dependent on the size of the NCs and
also on the ligand environment under the same excitation
fluence.?”** An earlier study shows that the HC cooling rate
becomes dramatically slower if the NC size is reduced.*® The
pristine CPB NCs have an average edge length of 8 nm, which
is smaller than the CPB-LAMe NCs (average edge length
of 12 nm). As, the ligand environment is similar for both
CPB-LAMe and pristine CPB NCs, the smaller size of pristine
CPB than CPB-LAMe may be the reason for the slower HC
cooling rate. Both CPB-LAMe and pristine CPB NCs show
comparable two-component decay kinetics. The faster time
constant of ~70 ps is assigned as a biexciton lifetime and
the longer component (>1 ns) is assigned as an excitonic
recombination process according to the literature.>® The rela-
tive contribution of the biexcitonic species in CPB-LAMe and in
pristine CPB remains almost similar in the same experimental
conditions.

The reaction temperature in perovskite NC synthesis typi-
cally plays a pivotal role to determine the size, morphology,
and properties of the synthesized NCs.*>*° In the common hot
injection process, tuning the reaction temperature is still a key
in tuning the size of the synthesized NCs. Apart from the
temperature, the ratio of the reactant salts is also a paramount
factor that can influence the NC properties to a certain extent.®”
To see the effect of these two important factors in the perovs-
kite NC synthesis in the DES media, we have studied the effect
of reaction temperature and Cs:Pb precursor ratio on the
properties of the prepared CPB NCs. Fig. 4a-c shows the
absorption and PL properties of the NCs prepared in LAMe
DES at three different temperatures (100 °C, 75 °C, and 50 °C)
and four different precursor ratios. The ratio of precursors has
no effect on the optical properties of the NCs if the reaction
temperature is 100 °C. In all cases, the NCs show a strong PL at
513 nm with a broad absorption, which resembles 3D NCs
(n = oo) (Fig. 4a). At 75 °C reaction temperature, the PL
properties of the NCs changes drastically depending on the
precursor ratio. For all cases the multipeak PL bands were
observed (Fig. 4b). The absorption bands also show similar
sharp excitonic features in accordance with the PL. This obser-
vation suggests the formation of lower-order perovskite NPLs
(Fig. 4b). The PL shows sharp maxima at ~460 nm, ~470 nm,
~480 nm, and 513 nm, which are assigned to NPLs with
n = 3,4,5 and oo respectively. Here, n denotes the number of
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Fig. 3 Ultrafast carrier dynamics of CsPbBrz NCs synthesized in a LAMe DES medium (CPB-LAMe) and pristine CPB. (a) Two-dimensional pseudo color
mappings of the TA spectra of CsPbBrs NCs synthesized in a LAMe DES medium (CPB-LAMe). (b) Representative TA spectra of CsPbBrs NCs synthesized
in a LAMe DES medium (CPB-LAMe) at different times. (c) 512 nm transient of CsPbBrz NCs synthesized in a LAMe DES medium (CPB-LAMe). (d) Two-
dimensional pseudo color mappings of the TA spectra of pristine CsPbBrs NCs (pristine CPB). (e) Representative TA spectra of pristine CsPbBrs NCs
(pristine CPB) at different times. (f) 507 nm transient of pristine CsPbBrs NCs (pristine CPB).

PbBr,"~ octahedral layers in the NPLs.*®*° The intensity ratios
of the PL peaks vary with the cesium to lead ratio suggesting a
change in the value of n. The TEM images of the sample
prepared at 75 °C with unit cesium to lead ratio indicates the
formation of different NPLs with 3D NCs (Fig. S13 of the ESIY).
By lowering the reaction temperature to 50 °C and by using a
cesium to lead ratio of 0.25 we were able to synthesize a pure
NPL (n = 3) having a sharp excitonic absorption peak at 455 nm
and a PL band centered at 460 nm (Fig. 4c and Fig. 5a). The
overall effect of temperature and Cs:Pb precursor ratio are
schematically shown in Fig. 4d. For a better understanding
of the structure and properties, we proceed with this pure NPL
(n = 3) for further characterization.

The PLQY of this NPL (n = 3) is measured to be 46%. The
time-resolved PL decay profile of the colloidal CPB-2D (n = 3)
can be best fitted using a sum of three exponential functions
(Fig. 5b). The shortest lifetime component of 0.8 ns having a
relative contribution of 38% is proposed to originate from the
surface-related bromine vacancy as discussed earlier (Table S3
of the ESI1).>*?® The 3.4 ns and 8.1 ns components signify the
excitonic recombination process and the surface trap-assisted
recombination processes, respectively.24,25 The post-synthetic
treatment with OAmBr further amplifies the PLQY to 94%
(Fig. S14 of the ESIt). The PL transient of the treated NPLs
shows 22% of the fast component. The reduction of the relative
percentage of the fast component in treated NPLs is due to the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

suppression of the bromide vacancy (Table S3 of the ESIt). The
PXRD pattern of CPB-2D NPL shows the most prominent lower
angle diffraction peak at 3.62° with 5.41°, 7.23°, and 9.01° peaks
originating from the (001) reflection having a periodicity around
1.81° (Fig. 5c-e). This lower angle diffraction is the charac-
teristic signature of the regular stacking pattern in a RP NPL
structure.®®**' To have an idea about the distance of these
stacked NPLs, small angle X-ray scattering (SAXS) has been
performed (Fig. 5¢) where the first diffraction peak is found to
originate at 1.83°. From this the inter planner distance of the
stacked NPLs were calculated to be 4.9 nm. Considering
the chain length of the oleylammonium ion is 1.9 nm and
the thickness of the three lead bromide octahedral (PbBre*")
units is 1.8 nm, the interplanar spacing could be between
3.8 nm (fully stacked condition of spacer cations) and 5.6 nm
(head-to-head orientation of spacer cations).**° Therefore, we
believe that the interdigitation and locking of the spacer
cations between two inorganic layers is less effective in nature,
which lengthens the interlayer distance. The schematic repre-
sentation of the CPB-2D (n = 3) is depicted in Fig. 5f. Also, the
PXRD pattern shows characteristic peaks at 15.1° and 30.3°,
which correspond to the (100) and (200) planes (marked with a
star in Fig. 5c¢), which are expected in the quasi-2D RP NPL
structure, where small 3D CsPbBr; parts are separated by
spacer oleylammonium cations.?**° Fig. 5¢-i shows the TEM
image of the synthesized CPB-2D NPLs. The formation of large
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Fig. 4 Effect of cesium to lead precursor (Cs:Pb) ratio (1 to 0.25 from top to bottom) on absorption and PL properties of CsPbBrs NCs synthesized in a
LAMe DES medium (CPB-LAMe) for three different reaction temperatures (a)100 °C (b) 75 °C (c) 50 °C. (d) Schematic representation for the formation of
CsPbBrz NPLs/NC having different thicknesses as a function of temperature and cesium to lead precursor ratio.

2D NPLs can be observed with a lateral dimension in the order
of 200 nm. The single crystalline pattern of the NPLs can be
seen from the SAED pattern (Fig. S15 of the ESIt). A careful
analysis of the TEM results reveals that along with these large
nanosheets small ultrathin nanosheets of different shapes are
also present. The different contrast in TEM images may be due
to formation of a RP type of structure, where different numbers
of 2D nanosheets are stacked together. The composition of the
NPLs were investigated through the XPS study (Fig. S16 of
the ESIT). The RP quasi 2D NPLs have a general formula of
(A")2A,,-1Pb,X3,,.1 where A’ is the long chain ammonium cation

760 | Mater. Chem. Front., 2023, 7, 753-764

(here Oam’), A is the A-site cation (here Cs") and X is the halide
ion (here Br™). For NPLs with n = 3, the structural formula of the
system in the present case would be (OAm),Cs,Pb;Bry,. The
XPS elemental study confirms that the lead to cesium ratio
is 1.5, which further suggests the formation of CPB-2D where
n = 3. The ambient stability of the NPLs was found to be
~2 days through steady-state PL measurements, after which
it gradually transforms to a bulk 3D perovskite structure
(Fig. S17 of the ESIY).

The results of how temperature affects the product as a
whole is a little surprising. Normal hot injection synthesis

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 5 (a) Absorption and PL of CPB-2D (n = 3). A photograph of CPB-2D under UV light illumination is provided in the inset. (b) Time-resolved PL of a
hexane suspension of CPB-2D (n = 3). The excitation wavelength is 405 nm and the instrument response function of the setup is 120 ps. (c) PXRD pattern
of CPB-2D (n = 3). (d) Zoomed in version of Fig. 5c at a lower diffraction angle. (e) SAXS pattern of CPB-2D (n = 3). (f) Pictorial representation of RP
(OAM),Cs,PbsBrig (n = 3) structure. (g—i) TEM images of CPB-2D (n = 3).

favors the formation of larger NCs at high reaction tempera-
tures and is often used for the size-dependent synthesis of
CsPbX; NCs.*® But in the studied DES medium, unlike the hot
injection synthesis process, by lowering the temperature, we
ended up with lower-order NPLs of the RP phase. This may be
because of the lower solubility of the PbBr, than OAm in DES
medium at lower temperatures, which leads to the formation of
the RP structure. To learn more, the reaction pathway needs to
be studied in depth in the future.

To check the universality of the DES media for perovskite NC
synthesis, we have prepared the chlorine and iodine analogues
as well. The PXRD peaks move gradually to the lower diffraction
angle from the CsPbCl; to the CsPbl; system due to the larger
lattice parameter (Fig. S18 of the ESIT), which is consistent with
previous studies.””**> The band edge absorption shifted to
longer wavelengths from CsPbCl; to CsPbl; and the PL is also
shifted from the violet (pure NCs, PL maxima 413 nm) to the
red region (pure NCs, PL maxima 686 nm) (see Fig. 6a—c). The
PL transients of all the NCs show the presence of three distinct
kinetics (Fig. 6d and Table S4 of the ESIT). The average lifetime

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

gradually increases from 3.9 ns to 21.8 ns from CsPbCl; NCs to
CsPb(Br/I); NCs, which is in line with previous reports.”®
However, the average lifetime of CsPbl; NCs drops drastically
and may be due to the presence of large nonradiative decay
channels through the trapping sites. A closer look at the PL
decay kinetics reveals that in CsPbCl; NCs the recombination
of the charge carriers through the chloride vacancy sites is
maximum and also shows very fast decay kinetics (0.3 ns, 80%).
The presence of the chloride vacancy is also very common,
which restricts its high PLQY in CsPbCl; NCs.*® In the present
study we estimated the PLQY of CsPbCl; NCs to be 23%. Going
from CsPbCl; NCs to CsPb(Br/I); NCs, the percentage of carrier
recombination through the halide vacancy sites decreases, and
consequently the PLQY increases (PLQY estimated as 45% and
76% for CsPb(Cl/Br); and CsPb(Br/I); NCs, respectively). This
study further suggests that the involvement of halide vacancies
is one of the most important parameters to control the PLQY of
the system.

The morphologies of the synthesized NCs were further
investigated through TEM. The TEM image of CsPbCl; suggests
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(h) CsPblz NCs.

the formation of square-shaped NCs along with the formation
of some long NPLs types of structure (Fig. 6e). The square-
shaped NCs show an average size of 14 + 8 nm (Fig. S19a of the
ESIt). Both CsPb(Cl/Br); and CsPb(Br/I); show square shaped
NC morphology (Fig. 6f and g, respectively) with an average size
of 15 + 7 nm (Fig. S19b of the ESIT) and 9 + 4 nm (Fig. S19¢ of
the ESIt), respectively. The CsPbl; shows a unique hexagonal
morphology (Fig. 6h) of an average corner distance around 50 +
20 nm (Fig. S19d of the ESIt) along with a few rod-like shapes.
Understanding the mechanism of formation for this hexagonal
morphology of CsPbl; in DES media needs further study.

Conclusion

In conclusion, we have successfully synthesized and charac-
terized all inorganic CsPbX; perovskite NCs as well as two-
dimensional (2D) Ruddlesden-Popper perovskite NPLs (n = 3)
in environmentally-friendly DES for the first time. The reaction
temperature and added precursor ratio have a significant
impact on the formation of the NCs with controlled dimension-
ality. The common surface halide vacancy related defect lowers
the PLQY of the synthesized NCs and NPLs, which was restored

762 | Mater. Chem. Front., 2023, 7, 753-764

by oleylammonium halide treatment. The charge -carrier
dynamics of the synthesized NCs in DES was similar to those
of NCs prepared by a regular hot injection procedure. With
green DES as a synthesizing medium, our synthesis protocol
lowered the crystallization temperature, took place in open
atmospheric conditions, and produces good quality NCs with
almost uniform size distribution. Our findings indicate that
precise control of the chemical environment of the perovskite
precursor solution is crucial for producing highly reproducible
and efficient NCs, and it opens up a new route for accomplish-
ing this by employing a DES medium.
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