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ABSTRACT. This study aims at rationalizing the effects of lead/surfactants ratio on the 

structural evolution of cesium lead-bromide perovskite nanocrystals (NCs), ascertaining how 

their shape and surface composition can be modulated by suitably adjusting the ligands amount 

(an equivolumetric mixture of oleic acid and oleyl amine) relatively to lead bromide. The 

tailoring of the reaction conditions allows the obtainment of blue-emitting CsPbBr3 nanoplatelets 

in the presence of ligands excess, while green-emitting nanocubes are achieved in low-surfactant 

conditions. An insight into the NC's shape evolution dictated by the different reaction conditions 

suggests that the generation of CsPbBr3 nanoplatelets is controlled by the dimensions of 

[(RNH3)2(PbBr4)]n layers formed before the injection of cesium oleate. The growth step 

promoted by preformed layers is concomitant to (but independent from) the nucleation process 

of lead-based species, leading to centrosymmetric nanocubes (prevalent in low-surfactant 

regimes) or Cs4PbBr6 NCs (prevalent in high-surfactant regimes). The proposed NC growth is 

supported by the analysis of the optical properties of non-purified samples, which reveal the 

selective presence of structures endowed with four cell unit average thickness accompanying 

larger emissive nanocubes. By combining nuclear magnetic resonance (NMR) and UV-Vis 

spectroscopies, it is ascertained that the lead/surfactants ratio also controls the relative proportion 

between lead-based species (PBr2, PbBr3
–, PbBr4

2– and plausibly PbBr5
3– or PbBr6

4–) formed 

before cesium injection, which regulate the size of [(RNH3)2(PbBr4)]n layers as well as the 
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formation of Cs4PbBr6 NCs during the nucleation stage. The surface chemistry of the differently 

structured perovskite NCs is investigated by correlating the elemental composition of the 

nanoparticles with specific NMR signals ascribable to the surface ligands. This level of 

investigation also sheds light on the stability of the time-dependent fluorescence exhibited by 

differently composed perovskite NCs before the loss of their colloidal integrity. Our findings can 

bring about a fine tuning of the synthetic methods currently employed for controlling shape and 

surface chemistry of perovskite NCs.  

 

INTRODUCTION 

Lead-halide perovskite nanocrystals (NCs) with generic formula APbX3 (in which A represents 

methylammonium, formamidinium or cesium ions and X = Cl, Br, I or a mixture thereof) have 

showcased their great potential as solution-processed materials for a wide range of photonic1 and 

optoelectronic applications.2,3 The most important advantage of perovskite NCs resides in the 

easy modulation of their optical band gap by exchanging their individual components without 

compromising their high photoluminescence (PL) quantum yields.4,5 Due to their unusual 

tolerance to high defect levels,6 their PL is also characterized by narrow emission band widths 

throughout the whole visible range.7 In particular, all-inorganic CsPbX3 perovskite nanoparticles 

offer an appealing alternative to prototypical metal chalcogenide NCs,8 thus allowing these 

materials to be considered a fundamental class of semiconductors with tunable emission in the 

visible spectrum.9 However, differently from metal chalcogenides, the crystal structure of 

CsPbX3 NCs is characterized by a predominant ionic interaction between atoms, which confers a 

pronounced chemical and colloidal instability to this class of nanomaterials.10 To date, there 
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seems to be no general consensus on the role played by the individual components of the 

perovskite nanoparticles (comprising the organic shell protecting the inorganic framework) in 

their long-term stabilization, as well as on how to tune the reaction conditions towards this 

aim.11,12 

Two general synthetic strategies have been developed for the direct synthesis of metal-halide 

perovskite NCs. The first one is based on the ligand-assisted reprecipitation process, which is 

carried out at relatively low (up to 60 °C) temperature.13,14 Metal halide salts are previously 

dissolved in polar solvents and then slowly added to a nonpolar medium containing the 

surfactants. The scarce solubility of the metal-halide salts in the nonpolar solvent promotes their 

precipitation with the concomitant NC formation, but the solvent polarity can severely 

compromise the crystal structure of the CsPbX3 NCs.15 Conversely, the second synthetic 

methodology is the hot injection (up to 200 °C) of a soluble cesium ion precursor (typically 

cesium oleate) to a mixture of an inorganic salt (i.e. PbX2) in nonpolar solvents acting as both 

lead and halide source.16 In this case, the NC formation immediately follows the cesium addition 

and the reaction temperature as well as the ligand nature exert a crucial role on the nanoparticle 

morphology.17 Also the modulation of the acidity (or basicity) of the relevant reaction medium 

before the addition of cesium oleate influences the morphology of CsPbBr3 NCs in hot-injection 

syntheses.18 A refinement of traditional hot-injection protocols envisages the dissolution of 

cesium and lead precursors in the presence of the appropriate combination of surfactants 

followed by the injection of the halide source,19 thus allowing to increase the halide/lead ratio 

which is crucial for the obtainment of highly luminescent perovskite NCs.20,21 With this 

approach, the synthesis of size tunable CsPbBr3 nanocubes can be achieved by the introduction 

of controlled amounts of alkylammonium bromide salts at a fixed reaction temperature.22 



 5

Furthermore, most syntheses of perovskite nanoparticles are carried out in the presence of 

aliphatic primary amines and carboxylic acids as passivating agents,23,24 which, in turn, provide 

them with a complex and dynamic ligand shell,25 which is also influenced by the NC 

composition.26 On the basis of recent studies on the rationalization of the surface chemistry of 

perovskite NCs,27,28 the modification of the nanoparticle organic shell has been also proposed 

aiming at improving stability29,30 and shape purity.31,32  

At the same time, the reciprocal interaction between the individual components of the reaction to 

achieve a full control over the nanoparticle generation as well as their properties and stability 

still remains elusive. To date, few studies have addressed the effects of the reaction conditions on 

the optical and morphological properties33,34 as well as on the surface chemistry of the resulting 

perovskite NC.35,36 Although synthetic methods based on the separation between the lead and 

halide sources warrant the suitable conditions for the obtainment of good quality and highly 

luminescent materials, the use of lead-halide salts as precursors remains the only approach for 

controlling the nanoparticle morphology in hot-injection recipes.  

In this work, we gained insights into reaction mechanism leading to the obtainment of CsPbBr3 

NCs, employing readily accessible starting materials, such as PbBr2, oleic acid (OLA) and oleyl 

amine (OAM) as the ligands. We ascertained that the lead/surfactants ratio is a crucial parameter 

for controlling shape, structure and surface of CsPbBr3 NCs in hot-injection methods. An insight 

into the NC evolution guided by the different reaction conditions highlighted how the generation 

of two-dimensional layers before injecting cesium oleate constitutes the driving force for the 

obtainment of CsPbBr3 nanoplatelets, which constitutes a pathway competing with the nucleation 

process of lead-based species. Being the fundamental studies of perovskite crystal growth in their 
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embryonic stage, this investigation could represent a further piece for fully understanding the 

formation of perovskite nanocrystals. 

 

RESULTS AND DISCUSSION 

Synthesis and characterization of CsPbBr3 NCs. The solution of cesium oleate employed for 

the syntheses of lead halide perovskite NCs in this study was prepared by reacting the suitable 

amounts of cesium carbonate and oleic acid (OLA) in 1-octadecene (ODE). Before injection into 

the reaction mixture containing the lead precursor, the colorless solution of cesium oleate was 

kept at 140°C to warrant the complete solubility of the formed salt in the apolar solvent. It is 

important to remark that all syntheses of the perovskite nanoparticles in this study were carried 

out by using the same batch of cesium oleate solution, thus bypassing any complication related to 

the variability of results that might be ascribed to the preparation of cesium oleate itself.37 The 

prototypical perovskite CsPbBr3 NCs were obtained by dissolving PbBr2 (0.38 mmol) at the 

chosen reaction temperature (140 °C) in a mixture composed of an equivolumetric amount of the 

two ligands (OAM and OLA) and ODE, the latter appropriately adjusted to maintain the same 

lead concentration (0.04 M) in all syntheses, as summarized in Table 1. After the lead salt was 

dissolved at the reaction temperature (10 minutes), the warm solution of the cesium source (0.09 

mmol) was injected to obtain a yellow mixture, that was rapidly cooled (after 10 seconds) and 

centrifugated to isolate the nanoparticles. Hereafter, the perovskite nanoparticles obtained after 

the centrifugation will be referred to as "as-prepared" NCs.  

The size and morphology of as-prepared CsPbBr3 NCs synthesized with variable lead/surfactant 

ratios were investigated by transmission electron microscopy (TEM, Figure 1A-D). These 
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images clearly evidence that well-defined square shaped nanostructures ascribable to nanocubes 

were obtained only in the case of CsPbBr3(1) and CsPbBr3(2) syntheses, in which a low amount 

of both ligands is used. Conversely, the morphology of the other samples – i.e. CsPbBr3(3) and 

CsPbBr3(4) – can be described as nanoplatelets, because these nanoparticles tended to self-

assemble into rod-like structures by "face-to-face" stacking.38 The average sizes of CsPbBr3(1-4) 

NCs are reported in Table 1, which clearly evidences a direct correlation between the amount of 

employed surfactants (OLA and OAM) and the lateral dimensions of the obtained nanoparticles, 

which passed from 8.1±0.8 nm in the case of CsPbBr3(1) to 20.0±2.8 in the case of CsPbBr3(4). 

At the same time, the lower contrast exhibited by TEM images of suggests that the dimension 

perpendicular to the grid is smaller than that of CsPbBr3(3) NCs. In reality, CsPbBr3(4) sample 

also contains Cs4PbBr6 impurities (see Figure S1 for a large area TEM image), which do not 

interfere with the optical properties of the material.18 

Being related to their morphology, the optical response of CsPbBr3(1-4) NCs also resulted to be 

dependent on the reaction conditions, as clearly evident by the comparison of their absorption 

spectra shown in Figure 1E. More specifically, in the case of cubic-shaped CsPbBr3(1) NCs, the 

UV-Vis absorption spectrum is mainly constituted by a well-defined band-edge exciton 

transition peak at 504 nm accompanied by other resolved higher-energy transitions the presence 

of which is consequence of the small nanoparticle dimensions.39 Structured absorption profiles 

are also exhibited by CsPbBr3(2-4) NCs, in which the main absorption peak located at 475 nm is 

accompanied by a low-energy band, which is progressively blue-shifted directly following the 

increase of the surfactants employed for the corresponding NC synthesis. In parallel, the PL 

spectra of as-prepared CsPbBr3(1-4) NCs (Figure 1F) also showed different emission 

contributions in relation with the variation of the lead/surfactant combination employed for NC 
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synthesis. In detail, the PL maximum of CsPbBr3(1) is located at 511 nm as typically observed 

for lead-bromide perovskite nanocubes of comparable sizes,40 while in the case of CsPbBr3(2-4) 

NCs, the emission maxima passed from 507 nm to 478 nm, the latter emission recorded for 

nanoplatelets of four cell unit average thickness.41  

 

Sample OA/OAM/ODE 

(mL) 

Elemental 

composition 

Lateral 

dimension 

(nm) 

λabs 

(nm) 

λem 

(nm) 

FWHM 

(nm) 

PLQY 

(%) 

CsPbBr3(1) 0.25/0.25/9.0 Cs1.1PbBr2.9 8.1±0.8 504 511 20 58 

CsPbBr3(1) 

purifieda 

0.25/0.25/9.0 Cs1.3PbBr2.9 8.0±0.7 504 508 17 57 

CsPbBr3(2) 0.50/0.50/8.5 Cs1.3PbBr3.0 9.7±1.5 474 507 20 68 

CsPbBr3(3) 1.0/1.0/7.5 Cs1.4PbBr3.0 13.6±2.2 476 491 28 71 

CsPbBr3(4) 1.5/1.5/6.5 Cs2.8PbBr3.9 20.0±2.8 475 478 23 80 

CsPbBr3(4) 

purifieda 

1.5/1.5/6.5 Cs1.8PbBr3.4 19.6±2.7 475 483 20 82 

Table 1. Summary of the experimental details, elemental composition, morphological and optical 

properties of as-prepared CsPbBr3 NCs. aSample obtained as centrifugation precipitate after 

treatment with acetone. 

 

Although as-prepared NCs exhibited relatively narrow emission widths (FWHM of 20÷28 nm) 

of the main PL peak (Table 1), PL spectra of CsPbBr3(1-3) NCs are contaminated by a residual 

emission peaked at 478 nm typical of perovskite structures endowed with four cell unit average 

thickness.41 The analysis of the emission profiles of as-prepared samples could be fundamental 

for investigating the crystal growth during the nanoparticle formation. In fact, the emission 
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spectra of CsPbBr3(1-3) NCs are remarkably different with respect to those typically containing 

a systematic distribution of nanoplatelets, which are characterized by several fluorescence peaks, 

each for a determined platelet thickness.42 This peculiarity hints that the NCs growth is not a 

regularly controlled process, but could involve two independent pathways. At the same time, the 

main emission peak of CsPbBr3(4) NCs centered at 478 nm is "fouled" by a longer wavelength 

fluorescence tail. Remarkably, all materials displayed high PLQYs (58÷80%, Table 1), which, in 

the case of CsPbBr3(4) are surprising, since one would expect that the high surface to volume 

ratio inherent to the platelet morphology should render the NCs exceptionally sensitive to surface 

defects and consequently prone to exhibit low PLQY.  

 

 

Figure 1. TEM images of as-prepared CsPbBr3(1-4). UV-Vis absorption and normalized PL 

spectra of as-prepared CsPbBr3(1-4) NCs (E-F); the traces are vertically shifted for clarity. 

Comparison between UV-Vis absorption (G) and PL spectra (H) of purified CsPbBr3(1) and 

CsPbBr3(4) NCs. UV-Vis and PL spectra were recorded in cyclohexane. 
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Next, we investigated the effects of the purification procedure on CsPbBr3(1-4) NCs aiming at 

improving the emission quality of the relevant nanoparticles. We previously ascertained that the 

adoption of a purification methodology assisted by a small equivolumetric amount of the ligands 

preserves the elemental and morphological composition of CsPbBr3 NCs.26 While the 

purification did not remarkably affect the absorption and emission properties of CsPbBr3(2) and 

CsPbBr3(3) samples, the precipitation with acetone completely removes the residual high-energy 

emission in CsPbBr3(1), thus affording a pure green fluorescence (λem = 508 nm, FWHM = 17 

nm), as reported in Figure 1G-H. At the same time, the same procedure (exemplified in Figure 2) 

carried out on CsPbBr3(4) allowed to isolate a product emitting at 483 nm with a narrow 

fluorescence band (FWHM = 20 nm). TEM investigations permitted to conclude that both the 

morphology and the dimensions (8.0±0.7 nm) of purified CsPbBr3(1) NCs were not modified by 

the purification (Figure 2C). In the case of purified CsPbBr3(4) NCs, TEM analyses revealed that 

the narrow fluorescence profile is due to the removal of thicker nanoplatelets as well as to 

Cs4PbBr6 impurities (Figure 2D-E), which contaminated the original sample. Remarkably, the 

PLQYs of the purified nanoparticles resulted to be nearly identical to those of the corresponding 

as-prepared NCs (Table 1). Hence, we demonstrated that it is possible to synthesize highly 

emissive blue- or green-emitting CsPbBr3 NCs by varying the lead/surfactants ratio. 
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Figure 2. Representation of the purification procedure consisting in a precipitation with acetone 

of the original samples fractioned in precipitate and supernatant after centrifugation in the case 

of CsPbBr3(1) (A) and CsPbBr3(4) (B) nanoparticles. TEM images of relevant purified 

nanocrystals: (C) CsPbBr3(1) = precipitate; (D) CsPbBr3(4) = precipitate; (E) CsPbBr3(4) = 

supernatant.  

 

Although fully inorganic perovskite NCs show a remarkably bright fluorescence independently 

of the synthetic procedure and purification method, the observed sub-unity PLQY values of 

CsPbBr3(1-4) NCs suggest the presence of energy losses due to deleterious charge trapping and 

non-radiative recombination.43 In order to investigate the origins of these energy loss processes, 

we analyzed the composition of as-prepared CsPbBr3(1-4) samples by using a field emission gun 

scanning electron microscopy (FEG-SEM) coupled with energy dispersive X-ray spectroscopy 
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(EDX). The relevant results in terms of the NC elemental composition are listed in Table 1 (see 

also Table S1 and Figure S2). Firstly, since their elemental composition shows a Cs/Pb ratio > 

1.0, it can be deduced that our CsPbBr3 NCs exhibit also cesium at their surface,44 despite the 

fact that NC syntheses were carried out using a formal excess of lead precursors (see 

Experimental Section). At the same time, the highest Cs/Pb ratio in CsPbBr3(4) sample should 

take into account the simultaneous formation of Cs4PbBr6 NCs, which alter the elemental 

composition of the final sample in the absence of a purification procedure. Another important 

information on the elemental composition of lead-halide perovskite nanoparticles can be deduced 

by the Br/Pb ratio, since deviations from the expected stoichiometry (Br/Pb = 3.0) can plausibly 

indicate the presence of point defects in the crystal lattice of the nanomaterial.45 In our case, the 

Br/Pb ratio ranges from 2.9 for CsPbBr3(1) to 3.9 for CsPbBr3(4). Again, the contamination of 

CsPbBr3(4) nanoplatelets explains the observed high bromine content in its elemental 

composition, while the lower Br/Pb ratio (2.9) in CsPbBr3(1) should be consistent with bromide-

poor synthetic conditions (related to the variable amount of surfactants) and the introduction of 

bromide vacancies in the NC lattice due to the extremely fast growth process.46  

Next, the effect of the purification on the elemental composition of the relevant samples was 

investigated. In the case of CsPbBr3(1) NCs, the treatment with acetone does not alter the 

elemental composition of the sample, apart from a slight increase of the Cs/Pb ratio. Conversely, 

the purification drastically changed the composition of CsPbBr3(4) NCs, as a consequence of 

Cs4PbBr6 removal from the sample (see also Table S2). In the absence of theoretical models for 

the surface description of perovskite nanoplatelets, we can reasonably argue that purified 

CsPbBr3(4) NCs would expose cesium (partially substituted by oleylammonium ions) and 

bromide at the surface. The eventual excess of positive charge would be neutralized by oleate 
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ions. Remarkably, since a high cesium amount at the NC surface is typically associated with low 

emission intensities,31 A nice correlation can be evidenced between the PLQYs and the Br/Pb 

ratio of our samples which, in turn, as previously highlighted, can be modulated by acting on the 

reaction conditions.  

 

XRD characterization of CsPbBr3 NCs. The crystal nature and relevant crystalline phases of 

(as-synthesized or purified) CsPbBr3(1-4) samples were revealed by the experimental XRD 

patterns (solid line) reported in Figure 3 and fitted through a Le Bail approach to refine unit cell 

parameters (see Figure S2). The XRD patterns were collected from the CsPbBr3 NCs deposited 

as thin films by casting on silicon substrates. As expected and confirmed by previous 

observations,26,38 the flat substrate induces preferred orientations of the NCs, similarly to what 

observed on the TEM grid in Figure 1. The coupled sample/detector scan mode (θ/2θ) selects the 

main diffraction peaks around 2θ = 15° and 2θ = 30°, as related precisely to the scattering vector 

(and hence the crystalline domain) perpendicular to the oriented facets of the NCs (as seen in the 

TEM micrographs of Figure 1), the other peaks being strongly suppressed due to the preferred 

NC orientation. The two main peaks indicate that all samples feature a main crystalline phase 

and at least a minority phase, which is almost invisible in all samples except CsPbBr3(4). The 

preferred orientation of the NCs and size-induced broadening effects of diffraction peaks make 

hard the unambiguous assessment of the crystalline phase, among the commonly expected ones 

for CsPbBr3 (i.e., cubic, orthorhombic, monoclinic, tetragonal), only differing from each other 

basically for tiny distortions of the unit cell, while often keeping very similar periodicities of the 

crystal lattice.26,38 Moreover, in the presence of shape anisotropy, which implies different 

numbers of unit cells along different crystallographic directions in the crystal, peak intensity 
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ratios can further dramatically change, being for each reflection (diffraction “peak”) the integral 

intensity (area) proportional to the crystal volume and the maximum intensity proportional to the 

square of the number of unit cells in the crystalline domain along the direction of the scattering 

vector.47 Therefore only the coupled sample/detector scan mode (θ/2θ), keeping the orientation 

of the scattering vector constant with respect to sample surface, allows to reliably compare the 

intensity ratio between different diffraction orders originated from the very same lattice planes 

(hence, for a given crystal orientation and from the same crystals as long as the beam illuminates 

the same sample region while changing the incidence angle), even in the case of crystals with 

different size/shape and non-random orientation (the intensity ratio will be also independent of 

crystal volume). The ratio between the areas under the two main peaks (A2/A1) was then 

calculated for each XRD profile and the result reported in the relevant panel of Figure 3. Finally, 

some variability in the Powder Diffraction Files from the crystallographic databases (for example 

the expected A2/A1 ratio for the cubic Pm-3m can range from 1.3 in JCPDS #18-0464 to 2.3 in 

ICSD #01072-7930) carries further uncertainty in the assessment of the crystalline phase, 

probably due to the intrinsic difficulty in obtaining stable CsPbBr3 NCs featuring actually pure 

phases leading to unambiguous X-ray intensity ratios. Therefore, in our XRD data analysis on 

anisotropic and preferentially oriented NCs, we refer to the A2/A1 ratio as the most reliable 

experimental quantity to be related to crystallographic databases. 

Based on the A2/A1 ratio, the purified CsPbBr3(1) sample (Figure 3A-B) features an 

orthorhombic phase with Pbnm (or Pnma) space group (expected A2/A1 = 1.8, from the ICDD 

#01-072-7929 data sheet). Compared to CsPbBr3(2) and CsPbBr3(3) (Figure 3C-D), it can be 

deduced that CsPbBr3(1), before and after the purification step, consists of smaller NCs leading 

to larger size-broadening of diffraction peaks that prevents the doublet at 30° to show up. In the 
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case of sample CsPbBr3(2) the main peaks are definitely sharper (FWHM smaller by a factor of 

three), whereas the weak peak around 21° broadens, indicating larger crystalline domains highly 

oriented perpendicularly to the substrate. The splitting of the second order peak is still not 

visible, suggesting the presence of residual cubic crystal symmetry (Pm-3m), whereas the 

asymmetric peak shape and the value of the A2/A1 ratio indicate the presence of the 

orthorhombic symmetry (Pbnm), both supported by the result from the Le Bail fit (Figure S2). 

 

 

Figure 3. Experimental XRD patterns (solid line); expected peak positions (bars). The ratio 

(A2/A1) of the two main peak areas is reported in each panel, as well as the Miller indexes 

relevant to the main expected crystalline phase.  
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On the other hand, the as-prepared CsPbBr3(1) and the CsPbBr3(3) samples feature a larger 

A2/A1 ratio (2.4), intermediate between orthorhombic Pbnm (1.8) and cubic Pm-3m (1.3 in 

JCPDS #18-0464 to 2.3 in ICSD #01072-7930), tetragonal P4mm (3.3) or orthorhombic Pnma 

(9.4) phases, which would indicate the presence of at least two phases. The XRD profile of the 

as-prepared CsPbBr3(1) shows more reflections relevant to the cubic symmetry, likely due to the 

lower preferred orientation of the NCs. The Le Bail fit of the experimental profiles (Figure S2) 

shows that the superposition of the cubic and the orthorhombic (Pnma) structures leads indeed to 

the best agreement with experiments, the cubic phase accounting for the larger A2/A1 ratio, and 

the orthorhombic accounting for the double peak around 30° (040 and 202 reflections) which 

becomes visible in the case of CsPbBr3(3).  

The high intensity of the double peak indicates a further increase of the crystalline domains, 

compatible with edge-on oriented platelets. Finally, the CsPbBr3(4) sample clearly features an 

additional phase, characterized by extra peaks at 12.7° and 25.4° (Figure 3E). Based on Le Bail 

fitting of experimental data (Figure S2), a mixture of orthorhombic CsPbBr3 and Cs4PbBr6 

(trigonal, R-3c, COD number 4002857) can account for all peak positions in the experimental 

pattern. Although the separate evaluation of the A2/A1 ratio for the main peaks around 2θ = 15° 

and 2θ = 30° (their shape is clearly affected by the contribution of the extra phase) returned a 

value close to that expected for the orthorhombic as the main crystalline phase, the probably high 

size/shape polydispersity prevents a direct structure/morphology correlation. On the other hand, 

the XRD profile of the purified CsPbBr3(4) sample, although still showing the residual Cs4PbBr6 

crystalline phase, features the characteristic double peak at 30° associated to large oriented 

crystalline domains of orthorhombic CsPbBr3 as well as a larger A2/A1 ratio than that expected 

for the orthorhombic symmetry (around 1.8) due to the intensity contribution of the Cs4PbBr6 
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doublet around 30°. As a result, the A2/A1 ratio is confirmed as a fast and reliable indication of 

the number and type of CsPbBr3 phases, and as a guide for the whole profile fitting. On the other 

hand, due to the unreliability of peak intensity quantitative fitting in the Le Bail approach, no 

estimation is reported about the actual fraction of any phase in the mixture.  

Concerning the presence of two phases in purified CsPbBr3(4), it can reasonably be supposed 

that the remaining Cs4PbBr6 crystalline phase (emerging only with XRD analyses) is probably 

due to the degradation of CsPbBr3 NCs promoted by the simultaneous presence of ligands excess 

and residual polar acetone.33 In fact, XRD analyses required long-time acquisitions (~ 1 day) 

under ambient conditions, while faster TEM and UV-Vis measurements (Figure S9) did not 

evidence the presence of the Cs4PbBr6 impurities.  

 

Investigation on the reaction mixtures before cesium injection. The use of inorganic salts (i.e. 

PbBr2) as both lead and halide sources in nonpolar and non-coordinating solvents inevitably 

implicates the analysis of the processes involved in the dissolution of precursors. Although, as 

ascertained for phosphines,48 only the presence of OAM could promote PbBr2 solubilization,49 as 

described in equation (1), due to the nitrogen coordination to lead atoms generating soluble 

species, the construction of perovskite crystalline frameworks necessitates the simultaneous 

presence of acids and bases. This restriction hints an early stage of the PbBr2 reactivity before 

the introduction of the cesium precursor, which is probably consequent to the anion exchange 

between lead halide and OLA, supported by the intermediate scavenging of the stronger HBr 

acid (vide infra), with the formation of oleylammonium bromide, as reported in equation (2). 

Furthermore, metal ions endowed with an ns2 electron configuration (such as Pb2+) readily 
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undergo complexation by halide ions.50 The consequent formation of plumbates not only 

promotes the dissolution of the lead atoms in nonpolar solvents, but also generates the effective 

precursors for the NC assembly, as schematized by equations (2-4):  

 

PbBr2(s) + RNH2(l) → RNH2·PbBr2(sol)       (1) 

2PbBr2(s) + RNH2(l) + R′COOH(l) → RNH3
+PbBr3

–
(sol) + R′COOPbBr(sol)    (2) 

nPbBr2(s) + nRNH2(l) + nR′COOH(l) → [(RNH3)2(PbBr4)]n/2(sol) + n/2(R′COO)2Pb(sol)  (3) 

PbBr2(s) + nRNH3Br(sol) → (RNH3
+)n(PbBr2+n)n–

(sol)       (4) 

 

It is reasonable to presume that the coordination states of lead-based species before the 

nucleation stage consequent to the cesium addition have a major influence on the crystal growth 

as well as on the introduction of structural defects in final perovskite NCs. In fact, according to 

equation (2), a high concentration of PbBr4
2– species in solution determines the formation of a 

hybrid organic-inorganic two-dimensional structure with the formula [(RNH3)2(PbBr4)]n, in 

which RNH3 represents the oleylammonium ion,51 before the inclusion of cesium precursor. At 

the same time, reaction conditions leading to a high concentration of oleylammonium bromide 

could promote the formation of high coordination states (up to six) for the lead-based species, as 

suggested by equation (4). This could explain the simultaneous formation of Cs4PbBr6 

nanoparticles in high-surfactant regimes, as experimentally observed (vide supra). Therefore, 

although the formal Br/Pb ratio employed in our syntheses is related to that of the chosen 

inorganic salts (i.e. PbBr2), the percentage of reactive metal and halide ions could be modified by 



 19

the ligands (i.e. OLA and OAM). Focusing on the nucleation process after the introduction of the 

cesium precursor, this scenario suggests that the high temperature should provide the necessary 

energy to rapidly drive off excess bromide and to induce the formation of the perovskite crystal 

lattice, while the same fast nucleation process probably interferes with the compensation of the 

missing bromide ions in the coordination sphere of lead-based precursors.52 This process can 

introduce bromide vacancies during the perovskite formation, which might explain the 

observation that halide-rich synthetic conditions usually resulted in the highest PLQYs for the 

corresponding nanoparticles.53  

In order to gain insights into the situation immediately before the nucleation process deriving 

from the introduction of cesium cations and to support the implications of equations (1-4), we 

analyzed by nuclear magnetic resonance (NMR) spectroscopy the mixture resulting from 

suitably mixing (see experimental part) ODE, PbBr2, OLA and OAM previously kept at 140 °C 

for 10 minutes. NMR spectroscopy represents a powerful tool to explore not only the surface 

chemistry of perovskite NCs (vide infra), but also to scrutinize the interactions between the two 

ligands (i.e. OLA and OAM). In fact, the 1H-NMR spectra of the ligands in C6D6 (reported in 

Figure 4A) show clear resonances related to their aliphatic chains, namely, the vinylene protons 

at δ ~5.50 ppm (5 and ε), the methylene protons next to the vinylene protons at δ ~2.10 ppm (4 

and δ), an unresolved resonance at δ ~1.50 ppm attributed to the methylene groups (3) and the 

methyl resonance (6) at δ ~0.90 ppm. More importantly, peculiar information could be drawn by 

the signals of the protons adjacent to the functional groups of the ligands (i.e. 1 and β for OLA 

and OAM, respectively), since their chemical shifts (δ = 2.07 and 2.51 ppm for 1 and β, 

respectively) are particularly susceptible to the acid-base equilibrium. In fact, an equivolumetric 

mixture of the two ligands evidences a remarkable downfield shift of both 1 and β resonances 
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(along with those of the 2 and γ protons) consequent to partial deprotonation of the carboxylic 

acid and partial protonation of the amine group, respectively. The entity of the downfield shift 

observed for these peculiar 1H-NMR signals is related to the degree of proton transfer between 

the two ligands.25 

The presence of signals downfield shifted as a consequence of the acid-base equilibrium 

involving the surfactants was also ascertained by sampling the reaction mixtures comprised of 

PbBr2 and the two ligands after the solubilization of the lead source at 140 °C. In these cases, 

however, it is apparent how the presence of the lead-halide species induces a more pronounced 

downfield shift for the OAM signals, while the 1 resonance of OLA results to be upfield shifted 

with respect to the signals recorded for the equivolumetric mixture of the two ligands (Figure 

4B). In other words, the downfield shifted β resonance suggests that OAM is more protonated, 

while the characteristic resonances 1 and 2 of OLA appear slightly broadened and upfield shifted 

with respect to the reference, hinting that OLA is less deprotonated with respect to the situation 

recorded in the equivolumetric ligand mixture. This means that the acid-base equilibrium 

involving the two ligands is perturbed by a stronger acid (i.e. HBr) produced by the reaction 

between the PbBr2 and the surfactant, according to equation (5). This observation also explains 

the presence of bromide ions for complexation with the lead-based species.  

 

PbBr2(s) + R′COOH(l) → R′COOPbBr(sol) + HBr(sol)       (5) 
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Figure 4. (A) 1H-NMR spectra (C6D6) of OLA (0.02 M), OAM (0.02 M), a mixture of OLA and 

OAM (1/1 vol/vol, ~0.04 M). (B) Comparison between the 1H-NMR spectra (C6D6) of the 

reaction mixtures (~0.04 M) before the introduction of the cesium ion source. (C) Comparison 

between the absorption spectra of mixture(1), mixture(4) and as-prepared CsPbBr3(4) NCs in 

cyclohexane. (D) NOESY spectrum of the reaction mixture leading to CsPbBr3(4). (E) 

Representation of the two-dimensional bromoplumbate scaffold passivated by organic ligands.  

 

The protonation degree of the two ligands in the reaction mixture before injecting cesium oleate 

results to be correlated with lead/surfactants ratio, as clearly suggested by the resonances of β 

and 1 protons in Figure 4B. This behaviour is due to fact that higher quantities of the two 

surfactants promote a larger production of hydrobromic acid, according to eq. (5). The fate of the 
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bromide ions generated by the above-mentioned process was investigated by dissolving in 

cyclohexane small aliquots of the reaction mixtures before injecting cesium oleate. Their 

absorption spectra are reported in Figure 4C and compared with the absorption profile of as-

prepared CsPbBr3(4) NCs, which contain also Cs4PbBr6 impurities. The reaction mixture leading 

to CsPbBr3(1) NCs – mixture(1) – showed an absorbance peak at 275 nm with a tail up to 325 

nm. The optical characterization of mixture(1) is consistent with the prominent presence of 

PbBr2 and PbBr3
– species.54 The absorption at longer wavelength is more pronounced in the case 

of the reaction mixture leading to CsPbBr3(4) NCs – mixture(4) – suggesting the plausible 

formation of highly coordinated bromoplumbate species (PbBr5
3– and PbBr6

4–). This explanation 

is in agreement with the larger formation of large amounts of hydrobromic acid in the presence 

of ligands excess and is also supported by the comparison with the UV-Vis characterization of 

CsPbBr3(4) NCs, evidencing a strong absorption at 313 nm (Figure 4C) associated with the 

isolated PbBr6 octahedra of the 0D trigonal phase impurity (Cs4PbBr6).
55 

At the same time, the nuclear Overhauser effect spectroscopy (NOESY)  evidenced the presence 

of negative (red) cross-peaks for the resonances ascribable to the two ligands (i.e. 1 and β) in the 

case of mixture(4) (Figure 4D). The negative nOe cross peaks are observable in species with 

long correlation times that diffuse more slowly in solution with respect to typical small 

molecules, thus suggesting the generation of a large two-dimensional structure. The same 

behaviour was observed in the case of mixture(1) (see Figure S4). As schematized in Figure 4E, 

the two-dimensional bromoplumbate scaffold is stabilized by the electrostatic interactions with 

oleyl ammonium cations, while the oleate moieties partially replaced the bromide ions 

contributing to preserve the colloidal stability of these structures.  
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Formation pathways of CsPbBr3 NCs. We were able to isolate two-dimensional 

bromoplumbate scaffold only in the case of the reaction leading to CsPbBr3(4) NCs (see Figure 5 

for TEM image), while in the other cases no white precipitate was formed before the introduction 

of cesium precursor. It can be deduced that the higher is the surfactant content in the reaction 

mixture, the greater is the size of bromoplumbate scaffold, which, in turn, is related to the 

concentration of PbBr4
2– species, which, in turn, is governed by the lead/surfactants ratio. 

Nevertheless, in the cases of the absence of a white precipitate, NOESY spectrum (Figure 4S) of 

the reaction mixture before the injection of the cesium precursor confirms the formation of 

layered structures. Importantly, the dimensions of the bromoplumbate scaffold deducible by 

TEM images (19.4±2.9 nm) are comparable with those of the final sample – i.e. CsPbBr3(4) –, 

although it has been reported that the dimensions of layered structures generated in different 

conditions are remarkably greater than those recorded in our sample.18 

The basic knowledge of perovskite crystal growth is still in its embryonic phase and more 

investigations are undoubtly necessary to fully comprehend the formation mechanism of these 

NCs. However, with these preliminary information in hand, we can infer that in the early stages 

of the NC formation, a growth pathway reasonably implicates the addition of lead-based species 

(monomers) to the previously generated two-dimensional seeds promoted by the intercalation of 

the introduced cesium ions (Figures 5). The size of these seeds related to the specific reaction 

conditions governs the final lateral dimensions of the nanoparticles. Very recently, the 

assumption that layered seeds might be the driving force for obtaining the CsPbBr3 perovskite 

square platelets has been also formulated by Pradhan and coworkers.56 The longitudinal 

perovskite growth proceeds until reaching the equilibrium with the monomers themselves.57,58 

On the basis of the optical characterization carried out on as-prepared samples (vide supra), we 
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can reasonably suppose that, under our reaction conditions, the critical size coincides with four 

cell unit average thickness of the nanoplatelets (Figure 5C-D). The kinetic energy barrier for the 

NC growth depends on the surface energy of the crystal facets, which can be controlled by the 

concentration of surface passivating ligands present in the reaction mixture. The continuous 

supply of surface passivating ligands probably inhibits NC growth especially in the case of high 

surfactants concentration. 

 

Figure 5. (A) Exemplification of the experimental procedure leading to the isolation of 

bromoplumbate layers. (B) TEM image of [(RNH3)2PbBr4]n layer before the addition of cesium 

in the case of CsPbBr3(4) formation. Schematization of the nanocube (C) and nanoplatelet 

formation (D) for the two limit situations – i.e. CsPbBr3(1) and CsPbBr3(4). In the case of 

nanocubes formation (B), the mechanism explains the formation of thinner structures that are 

responsible for the emission at 478 nm. In the case of nanoplatelets formation (B), the 

mechanism explains the formation of Cs4PbBr6 NCs. 
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The above-mentioned reaction pathway is competitive with the nucleation mechanism involving 

lead-based species (Figure 5C-D), which generates the crystalline structures for the 3D growth. 

In the case of bromide-poor conditions, the plausible low concentration of templating 

[(RNH3)2PbBr4]n layers determines the formation of the 3D orthorhombic phase as the main 

product of these reaction conditions. Conversely, in the case of bromide-rich conditions, the 

relatively high concentration of templating [(RNH3)2PbBr4]n layers leads to a significant 

formation of nanoplatelets. However, the presence of highly coordinated lead species probably 

hampers the crystallization of the 3D phase in favour of the 0D trigonal phase.  

 

The surface chemistry of differently composed CsPbBr3 NCs. NMR spectroscopy constitutes 

one the most powerful technique to study the features of the organic-inorganic interface at the 

NC surface, both unraveling the organic shell composition and suggesting its binding motifs.59 In 

the case of lead-bromide perovskite NCs, the number of ligands commonly exceeds the one 

required to fully passivate the surface sites of the nanoparticle. The combination of 1H-NMR and 

nuclear Overhauser effect spectroscopy (NOESY) allows to clearly discriminate the dynamics of 

the passivation process involving the ligands.60 In fact, sharp resonances with negative nuclear 

Overhauser effect (nOe) cross peaks are generated by weakly bound passivating agents resulting 

from a fast adsorption/desorption process at the NC surface. Conversely, broad resonances with 

negative nOe peaks are due to tightly bound ligands not (or slowly) exchanging with free 

species.61  

In Figure 6A, the 1H-NMR spectra of as-prepared CsPbBr3(1-4) NCs are compared with that of 

the equivolumetric mixture of OLA and OAM in a nonpolar solvent (C6D6). It is clearly apparent 
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that the line width of the resonances attributable to the ligands results to be broadened by the 

interaction with the NC surface62 with respect to those of the free surfactants. As recently 

observed for metal-chalcogenides63 and perovskite nanoparticles,26 the line-broadening and 

chemical shift of NMR signals belonging to NC surface ligands are strongly influenced by the 

deuterated solvent, imparting peculiar surroundings or dynamic equilibria at the NC surface.64  

In perovskite NCs obtained in the presence of carboxylic acids and aliphatic primary amines as 

the passivating agents, their behaviour can be properly investigated by focusing the attention on 

the resonances of methylene protons adjacent to the binding group, especially the β signal of 

OAM. In the case of CsPbBr3(1) and CsPbBr3(2), the chemical shifts of the β resonances 

resemble the one of pure OAM, suggesting a low degree of protonation for the amine. This 

observation is in agreement with the plausible PbBr2-terminated surface of CsPbBr3(1) and 

CsPbBr3(2) NCs previously ascertained by EDX analyses (vide supra) which suggest the 

presence of the undercoordinated lead sites prevalently passivated by OAM. The slight excess of 

cesium in the elemental composition of these perovskites (see Table 1) is explained by the 

surface passivation by cesium oleate, as confirmed by the presence of discernible resonances 

ascribable to deprotonated OLA (Figure 6A). Conversely, in the case of CsPbBr3(3) and 

CsPbBr3(4) the chemical shift of the β signal is remarkably downfield shifted (δ ~4.00 ppm)  

hinting a higher degree of protonation for the amine in these samples.18 Since the interpretation 

of the EDX analyses points to a CsBr-terminated surface for these nanoparticles, cesium ions can 

be partially substituted by oleyl ammonium at the NC surface. The NMR response of these 

nanoparticles well correlates with their elemental composition, because the Cs/Br charge 

unbalance is due to oleate anions, which partially replaced surface bromides, as clearly 

ascertained by the presence of deprotonated OLA in the relevant NMR spectra (Figure 6A).  
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To explore the bonding nature of the species passivating the NC surface, the chemical shift and 

broadening of the distinct vinylene resonances (5 and ε, δ = 5.40-5.70 ppm) are particularly 

indicated, since, with respect to other discriminating signals, they gain intensity due to their 

sufficient distance from the NC surface. In this region, as-prepared CsPbBr3(1) and CsPbBr3(2) 

NCs exhibit an intense featureless resonance at a chemical shift resembling that of free 

surfactants, accompanied by weaker downfield shifted signals ascribable to bound ligands. The 

large difference in chemical shift for the vinylene resonances is due to the fact that the solvent 

does not penetrate the organic shell protecting the NC surface, modifying the environment of 

bound ligands with respect to that of fully solvated ones.63 The attribution of the alkene signals 

in the 1H-NMR spectrum of lead-bromide perovskite NCs can be straightforwardly achieved by 

modifying the composition of the organic shell.65 Hence, the slightly perceptible resonance at δ = 

5.72 ppm is due to bound oleate, while the signal ascribable to the bound amine appears upfield 

shifted (δ = 5.60-5.55 ppm). The NMR difference between the two ligands could originate from 

the faster adsorption/desorption dynamics involving the amine species in comparison with the 

exchange process concerning the carboxylic acid, requiring a slow proton transfer.66 Therefore, 

the chemical shift of the amine signals are the result of the weighted average between the bound 

and free states of the ligand. 
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Figure 6. (A) 1H-NMR spectra of as-prepared CsPbBr3 NCs compared with the one recorded for 

the equivolumetric mixture of the relevant ligands (OLA and OAM). (B) 2D-NOESY spectrum of 

as-prepared CsPbBr3(1) NCs. (C) 2D-NOESY spectrum of as-prepared CsPbBr3(4) NCs. (D) 1H-

NMR spectra of purified CsPbBr3 NCs compared with the one recorded for the equivolumetric 

mixture of the relevant ligands. (E) 2D-NOESY spectrum of purified CsPbBr3(1) NCs. (F) 2D-

NOESY spectrum of purified CsPbBr3(4) NCs. The insets of the NOESY spectra show an 

expansion of the diagonal in the vinylene region. All spectra are recorded in C6D6. The shaded 

areas in the 1H NMR indicate the chemical shift range in which the ε  resonance may fall. 
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The NOESY spectrum of as-prepared CsPbBr3(1) NCs confirms that OLA binds the surface, 

owing to the appearance of negative (red) cross-peaks attributable to 1 resonance (Figure 6B). 

Also the negative cross peaks attributable to OAM resonances corroborate its interaction with the 

surface. The nOe behaviour of the alkene resonances in this sample (inset in Figure 6B) reveals 

negative cross peaks for the weak and broad resonance at δ = 5.72 ppm, confirming its bound 

nature. The sharper alkene resonances feature negative nOe cross peaks and a cross peak 

correlating the broad to the sharp alkene resonance is also observable. From this analysis it can 

be concluded that the broad resonance is due to tightly bound ligands, in slow exchange with 

weakly bound ligands, featuring sharp resonances;67 moreover, the third species (δ = 5.57 ppm) 

attributable to the observed vinylene resonances corresponds to the amine species in fast 

exchange between bound and free states. A similar situation also emerges from the inspection of 

the NOESY spectra of CsPbBr3(2) NCs (Figure S5). 

Three contributions for the vinylene resonances can be clearly identified in CsPbBr3(3) and 

CsPbBr3(4) NCs, but in these cases it can be noted the absence of signals that could be ascribed 

to free surfactants (Figure 6A). Instead, the structured resonances observable in CsPbBr3(4) NCs 

are ascribable to the amide impurity deriving from the condensation reaction between the two 

ligands.26 The variation of the chemical shifts ascribable to "non-bound" OLA molecules can be 

explained by assuming the presence of physisorbed species in fast equilibrium with their free 

state at the organic-inorganic interface. The presence of physisorbed species was also proposed 

by Brutchey and coworkers.68 The NMR response for these signals is the result of the weighted 

average between the physisorbed and free states of the ligand. Physisorption of OLA molecules 

can be rationalized in CsPbBr3(3) and CsPbBr3(4) NCs by the establishment of hydrogen bonds 

between the carboxylic acids and the bromide-rich surface of these nanoparticles. The absence of 
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negative cross-peaks for free ligands in the NOESY spectrum of CsPbBr3(4) NCs (Figure 6C) 

strongly suggests that these resonances have to be ascribed to species (such as amide impurities 

formed) not interacting with the NC surface. Conversely, the clear cross-peak between 5 and ε 

resonance of tightly bound OAM originates from intramolecular cross-relaxation between the 

vinylene protons of neighboring molecules. A similar scenario can also be deduced from 

inspection of the NOESY spectrum of CsPbBr3(3) NCs (Figure S6). 

We decided to corroborate this interpretation by evaluating the NMR responses of perovskite 

NCs obtained by purification in the presence of a nonsolvent, such as acetone. The addition of a 

less viscous and polar solvent, in fact, facilitates the removal of excess surfactants and 

impurities. 1H-NMR spectra of the relevant samples purified as described in the experimental 

part, are illustrated in Figure 6D. By removing a fraction of the organic shell, the signals of all 

NCs are generally broadened with respect to those of as-prepared samples, due to the lower 

amount of ligands engaged in passivation processes at the NC surface. In the case of purified 

CsPbBr3(1) and CsPbBr3(2) NCs, it can be observed a relative increase of the resonance intensity 

ascribable to bound ε protons, while the signal attributable to β protons completely disappeared. 

This behaviour is explained by the fact that broadening is more severe for protons closer to the 

surface, making them in some cases undetectable by 1H-NMR spectroscopy.69 The relevant 

NOESY spectrum for purified CsPbBr3(1) NCs (Figure 6E) suggest that these ligand species are 

interacting with the NC surface. The purification led to the complete removal of the amide, as 

testified by the absence of signals attributable to such species in the spectrum of the purified 

product and confirming the absence of NMR-detectable free species in this sample. Furthermore, 

the removal of excess ligand causes a downfield shift of the resonances, while the β proton 

signals are clearly observable. Also in this case, NOESY spectrum highlights the presence of 
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bound oleate and oleyl ammonium species (Figure 6F). The NOESY spectra of purified 

CsPbBr3(2) and CsPbBr3(3) NCs are reported in Figures S7-8 and are in line with the 

aforementioned considerations. 

 

Stability of CsPbBr3 NCs. Once ascertained the aspects differentiating the surface chemistry of 

CsPbBr3(1-4) NCs, we deemed it worthwhile to investigate the stability of the corresponding 

nanoparticles by measuring the PLQYs of their dispersions as a function of time. We submitted 

to the stability test only CsPbBr3(1) and CsPbBr3(4) NCs, which showed drastically different 

surface compositions. As shown in Figure 7, the PLQY behaviour of the nanoparticles was 

monitored over 10 days, during which the dispersions retained their colloidal stability. However, 

only CsPbBr3(1) NCs substantially preserved the initial PLQY (50% after 10 days, Figure 7A). 

To explain this result, we should focus on the surface chemistry of CsPbBr3(1), which, based on 

what ascertained by elemental analyses and NMR investigations, is prevalently passivated by 

cesium oleate and OAM (Figure 7B). The well-known dynamic surface of perovskite NCs can 

promote desorption of passivating agents only as neutral species (Figure 7C). Although the 

appearance of undercoordinated lead sites at the NC surface could compromise the long-term 

colloidal stability of the nanoparticles,26 the nature of the organic species involved in these 

desorption processes marginally modifies the PbBr2-terminated surface of CsPbBr3(1) NCs.31 

This peculiarity justifies the preservation of the relatively lower PLQYs in CsPbBr3(1) NCs until 

the irreversible coalescence of the nanoparticles promoted by the depletion of the organic 

protecting shell. At the same time, the aged CsPbBr3(1) sample exhibits a different PL profile 

after 10 days (Figure S10), plausibly as a consequence of the spontaneous coalescence of the 

smallest particles endowed with a high surface reactivity.  
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Figure 7. PLQY of as-prepared CsPbBr3(1) NCs over a period of 10 days (A). Schematic 

representation (B) of the surface chemistry of freshly prepared CsPbBr3(1) NCs and (C) of the 

effect of ligand desorption processes. PLQY behaviour of as-prepared CsPbBr3(4) NCs over a 

period of 10 days (D). Schematic representation (E) of the surface chemistry of freshly prepared 

CsPbBr3(4) NCs and (F) of the effect of ligand desorption processes.   

 

Conversely, in the case of CsPbBr3(4) NCs, the PLQY drop with time is remarkable (Figure 7D). 

Considering the NC surface previously described, once that the solvent penetrates the protecting 

organic shell, desorption of the passivating components is possible. However, it is unfavorable 

for oleylammonium ions to dissociate as discrete solvated ions in low-polarity solvents such as 

cyclohexane (Figure 7E); therefore, they are most likely removed from the surface accompanied 

by a counterion (bromide) to preserve charge neutrality. The same motivations can be translated 

to oleate ions, which dissociate from NC surface as cesium oleate (Figure 7F). The 
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adsorption/desorption equilibria potentially leave undercoordinated lead sites on the NC surface. 

Moreover, along with the coordination chemistry between surface lead and passivating ligands to 

explain the coordination and dissociation of several species, their solubility may also play a role. 

In the case of CsPbBr3(4), the direct interaction between desorbed ligands can promote the 

formation of CsBr, which is insoluble in nonpolar solvents, as described by equation (6). 

 

R′COOCs(sol) + RNH3Br(sol) → R′COOH(sol) + RNH2(sol) + CsBr(s)     (6) 

 

The irreversible cleavage of CsBr from the organic-inorganic interface inevitably introduces 

bromide vacancies at the NC surface, which are responsible for the PLQY drop with time (37% 

after 10 days). However, the passivation of CsPbBr3(4) surface prevents nanoparticle 

aggregation and consequently, the PL profile of the aged sample results unvaried after ten days 

(Figure S11). 

 

CONCLUSIONS  

In this study, we explored the effects of lead/surfactants ratio on the structural evolution of 

cesium lead bromide perovskite NCs. The shape and surface composition of CsPbBr3 NCs were 

modulated by adjusting the equivolumetric amount of the ligands (i.e., oleic acid and oleyl 

amine) relatively to that of lead bromide. The tailoring of the synthetic conditions permitted to 

obtain blue-emitting CsPbBr3 nanoplatelets in the presence of ligands excess, while green-
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emitting nanocubes were generated in low-surfactant regimes. The photoluminescence quantum 

yields of nanoplatelets were found to be higher with respect to those of nanocubes consequent to 

the formation mechanism of the relevant NCs. An insight into the NC evolution consequent to 

the different reaction conditions suggested that preformed (RNH3)2PbBr4 layers before the 

introduction of cesium precursor templates the formation of CsPbBr3 nanoplatelets. The growth 

step promoted by these preformed layers is concomitant to (but independent from) the nucleation 

of lead-based species, leading to centrosymmetric nanocubes in low-surfactant regimes or 

Cs4PbBr6 NCs in high-surfactant regimes. The proposed scenario is supported by the analysis of 

the optical properties of non-purified samples, which reveal features that are compatible with the 

selective presence of structures endowed with four cell unit average thickness accompanying the 

emissive nanocubes. By combining nuclear magnetic resonance (NMR) and UV-Vis 

spectroscopies, it is ascertained that the lead/surfactants ratio also regulates the relative 

proportion between lead-based species (PBr2, PbBr3
–, PbBr4

2– and plausibly PbBr5
3– or PbBr6

4–) 

formed before cesium injection, which are responsible for the size of [(RNH3)2(PbBr4)]n layers 

(governing, in turn, the dimensions of the final nanoplatelets) as well as for the formation of 

Cs4PbBr6 NCs during the nucleation stage. A detailed investigation of the NC surface chemistry 

was achieved by comparing the NMR response of specific signals ascribable to the ligands 

belonging to the perovskite nanoparticles obtained under different lead/surfactant ratio. The 

consequent interpretation also provides a vademecum for the NMR-based description of the 

organic–inorganic interface in perovskite NCs. This research can furnish the sparkle for new 

ideas aimed at the shape control of perovskite NCs and support the description of the surface 

chemistry of these materials. 
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EXPERIMENTAL SECTION 

Materials. Cesium carbonate (Cs2CO3, 99.9% metals basis, Alfa Aesar), lead(II) bromide (PbBr2, 

99.999% metals basis, Aldrich), oleylamine (OAM, technical grade 70%, Aldrich), oleic acid 

(OLA, technical grade 90%, Aldrich), 1-octadecene (ODE, technical grade 90%, Aldrich), 

acetone (ACS grade), cyclohexane (Aldrich, spectrophotometric grade). The procedures 

involving perovskite nanocrystal synthesis were performed under nitrogen flow using standard 

Schlenk techniques 

Synthesis of as-prepared CsPbBr3 NCs. Cs2CO3 (0.407 g, 1.25 mmol), OLA (1.55 mL, 4.91 

mmol) and ODE (20 mL) were mixed in a 50 mL Schlenk tube and kept in vacuum for 1 hour at 

120 °C. Subsequently, the tube was filled with nitrogen after the complete solubilization of the 

solid material, which leads to the formation of a clear solution of cesium oleate (Cs-oleate). As 

Cs-oleate precipitates out of ODE at room temperature, it was kept at 140 °C under N2 

atmosphere before injection. ODE (6.5-9.0 mL), PbBr2 (0.138 g, 0.38 mmol), OLA (0.25-1.5 

mL) and OAM (0.25-1.5 mL) were added to a 50 mL Schlenk tube and the mixture was heated at 

140°C. After complete solubilization of the salt, temperature was kept for 10 minutes followed 

by injection of Cs-oleate solution (0.8 mL). After 10 sec, the reaction mixture was cooled in an 

ice bath. The crude solution was centrifuged at 4000 rpm for 40 min. The supernatant containing 

unreacted precursors was discarded and the obtained precipitate was eventually dispersed in 

cyclohexane and properly stored for subsequent characterization or measurements. The material 

obtained through this procedure is referred to as "as-prepared" CsPbBr3 NCs. 

Purification of CsPbX3 NCs. When a purification procedure had to be adopted, acetone (9.5 mL) 

was added to the mixture obtained after the cooling. After centrifugation (4000 rpm for 10 min), 
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the supernatant was separated, and the precipitate was redispersed in cyclohexane and properly 

stored for subsequent characterization or measurements. The material obtained through this 

procedure is referred to as "purified" CsPbBr3 NCs. 

Nuclear Magnetic Resonance. 1H-NMR spectra were recorded at 298.2 K on a Bruker Avance III 

700 MHz spectrometer equipped with a Cryoprobe optimized for 1H observation. All chemical 

shifts were referred to the non-deuterated benzene residue signal at 7.16 ppm. The NOESY 

spectra were acquired using standard pulse sequences; mixing time was set to 300 ms. 

Optical characterization. UV–vis absorption spectra were collected using a Jasco V670 

spectrometer in transmission mode. Steady-state PL spectra from solutions were acquired on a 

Varian Cary Eclipse instrument. The quantum yields were determined by using coumarin 343 as 

standard, according to typical procedures.70  

TEM characterization. Transmission electron microscopy (TEM) measurements were carried out 

using a JEOL JEM1011 microscope, operating at an accelerating voltage of 100 kV and 

equipped with a tungsten electron source, and a high-resolution CCD camera. Samples for TEM 

analysis were prepared by dipping the carbon-coated copper grid into the NC cyclohexane 

solution diluted with anhydrous hexane. Statistical size analysis (NC average size and standard 

deviation) for each sample was performed by using a freeware image analysis application, by 

measuring dimensions of not less than 200 nanoparticles for each sample. 

FEG-SEM-EDX. Elemental analyses were performed using a field emission gun scanning 

electron microscope (FEG-SEM) Zeiss Σigma 300 VP (Zeiss Oberkochen, Germany) equipped 

with an energy dispersive spectrometer (EDX) C-MaxN SDD with an active area of 20 mm2 

(Oxford Instruments, Oxford, United Kingdom). NC solutions in cyclohexane were deposited on 

aluminum stubs covered with a pure graphite tape. Analysis were carried out at 15 kV using a 
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7.5 mm working distance at a 1000× magnification. Data accuracy was checked using standards 

by MAC (Micro-Analysis Consultants Ltd., United Kingdom). 

X-Ray Diffraction. XRD data were collected in coupled sample-detector scan mode, by a Bruker 

D8 Discover equipped with a Cu source (Kα line), a Göbel mirror, and a scintillation point 

detector. XRD patterns were fitted by QUANTO,71 a whole-pattern fitting program for 

quantitative phase analysis of polycrystalline mixtures. The diffraction patterns were described 

with the Le Bail approach, with the aim of better identifying concurrent crystalline phases.72 
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