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ARTICLE INFO ABSTRACT

Keywords: Because of exception properties, inorganic halide perovskites are promising materials for
CsPbBrs numerous applications. The efficiency of these materials are evaluated based on their photo-
CTAB

luminescence quantum yield, which is the key indicator and proportional to the stability of the

CPB perovskite. Hence, to limit the instability of the perovskites, addition of surfactant as ligand has
PLQY . . . . . . .

PbI, been applied during synthesis of nanoparticle based inorganic perovskite CsPbBrs. As far as we
Anion exchange know, only a few researchers have studied the impact of hexadecylpyridinium bromide (CPB) on
Stabilization the stability of the crystal structure of CsPbBrs. In this work, we present a novel approach for lead
Crystal structure halide perovskites by incorporating CPB to primarily maintain the perovskite’s crystal structure,

and later on to enhance the stability of CsPbBrs NPs while boosting its photoluminescence
quantum yield (PLQY). Results showed that CPB enhanced the thermal stability and boosted the
PLQY to 90 %. Moreover, CPB had proven its efficiency as a capping agent preventing the ex-
change of anion between bromide and iodide ions in presence of lead iodide.

1. Introduction

Surface defects highly influence the electronic and optical properties of lead halide perovskites [1]. In fact, the atomic composition
of perovskite crystals can differ between their interior and exterior surfaces. This leads to the formation of unwanted quantum states
within the energy band gap, which adversely impacts the optoelectronic properties and reduces photoluminescence (PL) stability [2].
The straightforward solution-based fabrication of perovskite thin films [3] often leads to uncontrollable defects, such as uncoordinated
Pb%" and halide vacancies, which create non-radiative recombination sites and reduce the photoluminescence quantum yield (PLQY)
of the perovskite [4]. A recent review documented by Konidakis et al. shows the importance of composite glasses with metallic
perovskite, for the optoelectronic and photonic applications [5]. Growing research on the incorporation of stabilizing surfactants into
perovskites has demonstrated improvements in quantum yield [5,6]. Notably, enhancing surface passivation with salt solutions [7],
introducing alternative cation/anion compositions through doping [8], or employing post-synthetic ion exchange [9] are regarded as
the most effective methods for boosting the PLQY of perovskites.

Many researchers investigated chemical passivation techniques to reduce defect formation and address this issue [10]. Surface
ligand exchange in perovskites has been shown to stabilize the material and improve its PLQY [11].

Indeed, CPB is a pyridinium salt that, once dissolved in a solution, is made up of an organic cation N-hexadecyl pyridinium and a
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bromide anion. Its functional groups are amines and heterocycles [12]. The cation exhibits a a positively charged pyridinium ring that
acts as a polar head, along with a long aliphatic cetyl chain serving as the nonpolar tail [13]. The difference between CPB and CTAB
cations is only found in the positively charged ionic head structure, while hydrophobic alkyl chain is same for both (See Scheme 1).
CPB has a pyridine while CTAB has a trimethylamine head structure. Amines react with the surface of perovskites, CPB and CTAB act as
nucleophiles. The nucleophilicity of amines increases with basicity but is affected by steric hindrance. In trimethylamine (more ste-
rically hindered), the N atom is sp°> hybridized while in pyridine the N atom is sp® hybridized. sp is more reactive than sp?, and sp? is
more reactive than sp°. Thus CPB is a better ligand. This difference in the chemical structure made CPB adsorb chemically while CTAB
adsorb physically [14]. In fact, the increased efficiency of CPB over CTAB is due to the charge on the nitrogen atom [15].

In our work, to regulate the synthesis of inorganic cesium lead halide perovskite nanoparticles, hexadecylpyridinium bromide was
used for the first time in the formation of CsPbX3 perovskites using the hot injection method with surfactant ligand. Subsequently, CPB
was doped to preserve crystal structure of CsPbBrs and maintain its strong green photoluminescence (PL) emission. Results show
enhancement in PLQY and imrpoved stability of the prepared CsPbX3 perovskites till 90 %. Moreover, CPB prevents the anion ex-
change between bromide and iodide ions upon the addition of Pbl; to the perovskite.

2. Materials and methods
2.1. Materials

Acros Organics supplied Hexadecyltrimethyl-ammonium bromide (CTAB, C19H42BrN, 99 %), Cesium Carbonate (Cs3COs3, 99.5 %),
Hexadecylpyridinium bromide (CPB, Cy1H3gBrN, 98 %), 1-Octadecene (ODE, C1gH36, 90 %), Lead (II) iodide (Pbly, 99 %), Oleylamine
(OAm, C;gH37N, 80-90 %), and Sulphuric acid (H2SO4, 32 %) were obtained. Fisher Scientific Company supplied lead (II) bromide
(PbBrj, 99 %). Sigma Aldrich supplied Oleic acid (OA, C1gH3402, 65-88 %) and hexane (CgHi4, 97 %). Fluka Analytical supplied
Quinine anhydrous (C2oH24N202, 98 %). Without purifying further all chemicals were used.

2.2. Cesium oleate solution synthesis

First, a stock solution containing 0.053 M of cesium carbonate (m = 0.4 g) was made with oleic acid (1.24 mL) and octadecene (20
mL). At 200 °C, solutions were continuously stirred. A visible change in color from transparent to yellowish confirmed the complete
dissolution of CsoCO3 and, consequently, cesium oleate was prepared. In order to preserve it for later use, the solution of cesium oleate
was vacuum packed and stored at room temperature.

2.3. Synthesis of CPB-oleate solution and CTAB-oleate solution

0.050 g of CTAB (C = 0.013 mol/L) in 10 mL ODE was mixed with 0.62 mL OA to prepare CTAB-oleate, similarly 0.053 g of CPB (C
= 0.013 mol/L) in 10 mL ODE was mixed with 0.62 mL OA to make CPB-oleate solution. In both cases the color changed from
translucent to yellow after stirring and heating at 200 °C, revealing reactants’ complete dissolution. For later usage, the resulting
solutions were packaged and stored at room temperature. It should be noted that low concentrations of both CPB and CTAB didn’t lead
to the formation of perovskites whereas the excess of the surfactant at high concentrations of CPB and CTAB decreased the physical
properties such as crystallinity, fluorescence of the formed perovskites.

2.4. Lead bromide perovskites synthesis

Firstly, PbBry (0.08 g, C = 0.0363 M) was mixed with ODE (5 mL) in an airless atmosphere at 190-200 °C for 10 min. Then OA (0.5
mL) was added followed by OAm (0.5 mL) and stirred till all PbBr; is dissolved. The reaction mixture was then quenched by sub-
merging it in a 10 °C cold water bath, afterwards Cs-oleate (0.4 mL) was introduced. After centrifuging at 15000 rpm for 15 min, the
precipitate was collected and employed for additional characterization after being dissolved in 5 mL of hexane.

Scheme 1. Chemical structure of (A) hexadecylpyridinium bromide CPB; and (B) Hexadecyltrimethyl ammonium bromide CTAB.
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2.5. Enhancement of the perovskites stability

The stability of the material is critical in terms of its efficiency. For this purpose, the addition of a stabilizing agent of either CPB or
CTAB was tested. PbBry was prepared as previously described, followed by the addition of 2 mL of either CPB-oleate or CTAB-oleate
and cesium oleate solution (1.2 mL). After the reaction was completed, the solutions were immersed in a cold bath, centrifuged, and the
resulting precipitate was dissolved in hexane.

2.6. Sample preparation for PLQY measurement

As an initial step, 1 mM solution of quinine solution was prepared in 0.5 M H3SO4 solution. For PLQY measurement values,
fluorescence spectra were recorded for the CsPbBrs and quinine solution as reference.

2.7. Effect of Pbl, on the stability of CsPbBrs

Initially, 10 pL of the prepared peovskites either with CPB-oleate or with CTAB-oleate solution were pipetted, placed on a glass
slide, and then to eliminate hexane it was kept overnight at 30 °C in a vacuum oven. Henceforth, the slide was immerged in a 3 mL
cuvette and placed in the holder of the fluorometer. The emission spectra were measured while gradually increasing the concentration
of PbI; (from 0.0072 pM to 0.024 pM). For this, Pbl, solution (0.043 pM) was made in double distilled water (10 mL), and the needed
volumes were pipetted.

2.8. Spectroscopic analysis and characterization

The primary method used to determine the optical characteristics of the produced perovskites was fluorescence emission spec-
troscopy. For this a Jobin-Yvon-Horiba Fluorolog III fluorometer accompanying a FluorEssence software were utilized. As a excitation
source, a Xenon lamp (100 W) was used and a R-928 detector was applied to collect the emission, and the slit widths were maintained
at 5 nm. To measure ultraviolet-visible (UV-vis) absorption spectra JASCO V-570 UV-VIS-NIR spectrophotometer was utilized. In
these measurements, total volume was kept 3 mL by pipetting 0.2 mL of CsPbBr3 perovskites and diluting with hexane. For exterior
morphological characterization, SEM (Scanning Electron Microscopy) was applied attached with a Tescan, Vega 3 LMU with Oxford
EDX detector (Inca XmaW20). For understanding thermal stability a Netzsch TGA 209 instrument was used for TGA (Thermo-
gravimetric analysis) in 30-900 °C temperature range, with a 15 °C/min increment in a N3 environment. For measurement, few
microlitre of CsPbBr3 solution was filled in an aluminum oxide crucible and heated to 45 °C until complete evaporation of hexane.
Afterwards this crucible was placed in the holder of TGA machine. The steady mass the crucible had after 30 min served as evidence of
the complete evaporation of hexane.

3. Results and discussion
3.1. Characterization of CsPbBrs perovskites prepared in the presence of CPB and CTAB

The UV-visible absorption and fluorescence spectra of CsPbBr3 perovskites prepared with different capping agents, CTAB and CPB,
were assessed to examine the optical properties. The doped CsPbBr3 perovskites, as shown in Fig. 1A, did not display a remarkable shift
in the absorption wavelength maximum (A,ps = 475 nm) and emission wavelength maximum (A, = 510 nm) confirming that capping
agent did not alter the initial CsPbBrj crystal structure. However, there were changes in absorbance and photoluminescence intensity.

Absorbance values were the only difference between CPB and CTAB doped CsPbBrs. CPB doped CsPbBrs gave the maximum
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Fig. 1. CsPbBr3 perovskites prepared using CPB (Cs-CPB PbBr3) and CTAB (Cs-CTAB PbBr3) as capping agents. (A) UV-Visible absorption spectra
and (B) Normalized fluorescence emission spectra.
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absorbance (Acpg = 0.364a.u > Acrap = 0.283a.u) indicating in this case formation of CsPbBrs is more which encourages material-
ization yield.

Additionally, the successful synthesis of perovskites was confirmed through fluorescence emission spectra, as shown in Fig. 1B.
Interestingly, the addition of either CPB or CTAB to the lead bromide perovskite exhibited remarkable enhancement in photo-
luminescence intensity around ~1.74 fold in the presence of CPB and ~1.43 in the presence of CTAB, at A, = 500-506 nm. This
enhancement in photoluminescence intensity at this particular (same) wavelength suggests an increase in radiative recombination.
And this increment can be because of association of bromide anions, cetylpyridinium cations and cetyltrimethylammonium cations to
surface defects on the lead bromide perovskite crystals, which decreases non-radiative recombination centers, like uncoordinated Pb
cations and halide vacancies [16]. However, a very small blue shift is obtained when CPB was added from 507 nm to 502 nm. Thus, the
shift towards shorter wavelength in the fluorescence emission wavelength maximum is linked to the size of the NPs. For instance, as the
emission wavelength maximum shifts to blue (shorter wavelength), smaller and more uniform NPs are formed. SEM imgaes further
established this fact. Notable distinctions were found in crystal morphology between CsPbBrs, Cs-CTAB PbBr3, and Cs-CPB PbBrs.
When CPB is added, smaller CsPbBr3 nanoparticles were obtained, which can be concluded from the sharp peak shapes found in the
emission spectra as depicted in Fig. 2A-C.

The scattering observed in the absorbance spectra is due to the polydisperse sample shown in the SEM images of CsPbBr3 and Cs-
CTAB PbBr3 (Fig. 2 A and C), which broadens the full width at half maximum (Fig. 1b). However, comparing CPB and CTAB, the
sharper peak obtained in the fluorescence emission of Cs-CPB PbBrj is due to the better monodispersity of these particles as confirmed
by the small and uniform nanoparticles in Fig. 2B (compared to Fig. 2C). XRD patterns given in Fig. 2D also confirms formation of
CsPbBr3 nanocrystals.

Additionally, a band tail is observed in the PL emission of Cs-CTAB PbBr3 and absent in Cs-CPB PbBrs. Typically band tail states are
considered nonradiative traps for photocarriers. Given the small particle size, with most atoms being surface atoms, these tail states are
likely originating from the surface region, possibly induced by ligands. Exchanging ligands could significantly reduce PL tail. This
confirms that CPB is a better ligand in passivating defects and therefore reducing traps, which is also proved by the significant
improvement in PL intensity in the presence of CPB compared to CTAB.

The synthesized CsPbBr3 perovskites gave many diffraction peaks at 20 values of 12.73°, 15.22°, 25.55°, and 30.74°, these results
confirm the formation of 3D structure perovskites. All the prepared CsPbBr3 perovskites results were similar when doped with CPB or
CTAB.
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Fig. 2. SEM images of CsPbBr3 perovskites (A) in the presence of cesium oleate only (CsPbBrs3); (B) in the presence of cesium oleate and CPB (Cs-
CPBPbBr3); (C) in the presence of cesium oleate and CTAB (Cs-CTABPbBr3); and (D) XRD pattern of CsPbBrs.
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3.2. TGA of CsPbBrs doped with either CPB or CTAB

As depicted in Fig. 3A, thermogravimetric analysis was performed to evaluate the thermal stability of the prepared CsPbBrs
nanoparticles doped with either CPB or CTAB. The analysis revealed a unique profile marked by three distinct thermal events, as
indicated by the corresponding weight percent derivative given in Fig. 3B.

In the lower temperature between 25 °C — 200°C, a slight mass loss of around 10 % was observed for both CsPbBrs doped with
either CPB or CTAB. This loss in weight is attributed to oleic acid evaporation and the removal of surface ligands from capped alkyl
amines, as documented in the literature [17,18]. Boote et al. noted that because of the presence of oleylamine and oleic acid ligands,
lead halide perovskites lose the majority of their mass in this temperature range. At higher temperatures between 200 °C — 400°C, the
additional weight loss can be attributed to the sublimation of Hexadecyltrimethyl ammonium bromide (CTAB). According to Grisorio
et al. instead of decomposition of the perovskite, sublimation of ammonium halides causes this weight loss at this range [17,18].

The thermal decomposition (>480 °C) can be due to decomposition of inorganic core following sublimation of their original
constituents (PbBry and CsBr). This degradation pattern was identical to TGA results obtained by Xu et al. As proved in the literature,
the weight loss of 15 % that occurs in 375-480 °C temperature range of was proved to be due to PbBr, sublimation of at a very high
temperatures [19,20].

This loss was huge in OA/OLA CsPbBr3; compared with Cs-CPB PbBr3 nanoparticles. The variation in the degradation patterns of the
two components indicates that PbBr, within the perovskite undergoes less degradation, suggesting it is more stable. Therefore, doping
of CPB or CTAB reduces CsPbBr3 perovskite’s decomposition and degradation. Hence, the enhancement of the thermal stability of Cs-
CPB PbBr3 compared with OA/OLA CsPbBrj is due to the stronger binding of CPB to the surface of nanoparticles through the pyridine
ionic head which passivates the Pb?t and Br™ defects on the surface of the nanoparticles and acts as a strong capping ligand.

3.3. PLQY of CsPbBr3 doped with either CPB or CTAB

PLQY measurement is considered as an essential parameter of the luminescent material. Consequently, PLQY was measured and the
effect of CTAB and CPB on CsPbBrj3’s photoluminescence was studied by comparing with PLQY percentage values. PLQY was estimated
by using quinine sulfate dihydrate as a reference fluorophore, whose standard quantum yield is 0.546 in 400-600 nm emission
wavelength range. According to Nawara et al. up to 45 °C, quinine has no temperature sensitivity, making it a trustworthy as a
reference solution for the PLQY measurements [5]. The synthesized CsPbBr3 were analyzed by fluorescence emission intensity.

Fascinatingly, while comparing percentage of PLQY (% PLQY) value, it was found that % PLQY of CsPbBr; extraordinarily
increased to ~90 % when CPB was doped (Cs-CPBPbBr3) in contrast to 75 % improvement when doped with CTAB (Cs-CTABPbBr3)
and 17 % in the absence of any surfactant, as compared in Fig. 4. This extraordinary increase is caused by passivation of defects of Pb%*
and Br~ ion introduced by CPB, as this can be caused by the pyridinium groups present in CPB. Indeed, CPB has a dual function as a
capping agent and doping of crystal. CPB salt is dissociated into bromide ions and organic cation. With the first addition, either
bromide ions are incorporated into the crystal, or the cation is replacing cesium atom. As for the second addition, CPB acts as a capping
agent to stabilize the crystal. The comparision of percentage of PLQY (PLQY %) values obtained in the present study with that from the
literature is summarized in Table 1.

3.4. Variation in the photoluminescence of CsPbBrs upon the addition of Pbl, in the presence of either CPB or CTAB
In the presence of either CPB or CTAB the photoluminescence spectra were recorded to access the effect of lead iodide (PbIy).
According to Fig. 5, in both cases, initially the photoluminescence wavelength maximum was found to be around 500 nm. This

confirms successful synthesis of CsPbBr3 perovskites. However, when adding water, the photoluminescence intensity of CsPbBrs in the
presence of CTAB decreased as shown in Fig. 5A. This essentially is due to dissociation of the CsPbBr3 perovskite crystal into its ions
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Fig. 3. (A) TGA (thermogravimetric analysis) of lead bromide perovskites; (B) Corresponding first derivative of TGA.
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Fig. 4. PLQY of CsPbBr3 perovskites and its comparision in the presence of CPB (Cs-CPBPbBr3) and CTAB (Cs-CTABPbBr3).

Table 1

Comparision of percentage of PLQY (PLQY %) values obtained in the present study with that from the literature.
Perovskites PLQY % References
methylammonium lead bromide/formate mixture 69 [21]
CsPbBr3 Nanocrystal Solid-State Films 54 [22]
CsPbBr3 doped with ZnBr,-CPB 30 [23]
CPB doped CsPbBr3 perovskites 99 Our work

due to the presence of water. Remarkably, a shift to longer wavelength (red shift) from 506 nm to 520 nm and a continuous quenching
in the photoluminescence intensity were obtained when adding Pbl, to CsPbBr3 perovskites. This shift in maximum and decrease in
intensity confirm exchange of anion between Br~ ion and I" ion inducing the formation of CsPb[Br/I]3 perovskites.

However, in the presence of CPB, it is obvious that when adding water, the emission intensity remains constant (See Fig. 5B).
Thereby, in the presence of CPB, the lead bromide inside the perovskites was not affected and therefore protected from any other
interactions. Henceforward, when adding Pbl; solution, from (0.2 mL-0.8 mL), the emission intensity slightly decreases with no
remarkable shift. Hence, this is due to the fact that Pbl; molecules are being attracted to the pyridinium group present in CPB mol-
ecules, inducing the formation of CPB-Pbls perovskites. Thus, at higher volume of Pbl;, (1 mL and 1.2 mL) a significant shift from 509
nm to longer wavelength, 520 nm, was obtained, inducing therefore the penetration of Pbl, into the perovskites and therefore the
formation of Cs-CPB-[Br/I]3 perovskites. This finding confirms the function of capping agent, CPB, in preserving the crystal structure of
CsPbBrs. In fact, the difference in the photoluminescence response is related to the CPB and CTAB as capping agents or ligands, their
contact with the surface/interface of the nanocrystals, and how easily they can detach from the surface of NCs exposing the NCs to
water. Although, CPB has a pyridine ring with Br~ anion, while CTAB has a quaternary nitrogen (N) atom with a cetyl chain. CPB with
pyridine rings causes stronger intermolecular force due to [[-conjugation (p-conjugation) which means stronger interaction with
surface of nanocrystals. CPB and CTAB have hydrophobic covalent bonding forces in their alkyl chain which decreases their surface
tension and makes them a good cationic surfactant instead of emulsifying with water. CPB has lower surface tension than CTAB due to
the pyridine ring so it’s a better surfactant with higher hydrophobic interactions. Also, the density of GPB is 1.2 g/cm® compared with
CTAB 0.5 g/cm"3, which means that when water is added (density 1 g/cm3), less interactions occur with CPB [24].

4. Conclusion

In conclusion, CsPbBrs was successfully made using a straightforward hot-injection method. It further was verified that CPB
outperformed CTAB as a stabilizing agent, owing to the binding of cetylpyridinium and bromide ions to surface defects on the CsPbBr3
nanocrystals. Moreover, the produced nano-perovskites were found to be spherical at a scale bar of 500 nm. Furthermore, the presence
of CPB causes improvement in CsPbBrj3’s thermal stability because of the presence of pyridinium groups respectively that enhance the
incorporation of PbBr; inside the perovskites. Henceforth, doping of CPB increased PLQY value to 90 %. Conclusively, CPB acts as a
capping agent in preserving CsPbBrs’s crystal structure and preventing exchange of anion between Br~ ion and I” ion upon the
addition of low concentrations of Pbls.

Data and code availability

The authors are unable or have chosen not to specify which data has been used.
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Fig. 5. Variation of the fluorescence emission intensity of CsPbBr; upon the addition of Pbl, (A) doping with CTAB and (B) doping with CPB. The
inset in Fig. 5B shows the variation of the emission spectra in the presence of 1 mL and 1.2 mL of Pbl,.
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