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The literature shows a lack of significant research on the synthesis of large spherical PbTe quantum 
dots (QDs), particularly with controllable sizes and morphology. Here, we present for the first time 
a novel hot-injection method for the tunable, high-quality synthesis of cubooctahedral PbTe QDs 
within the size range of 10 nm to 16 nm. This method employs a combination of oleic acid (OA) with 
shorter carboxylic acids, including octanoic (OctA), decanoic (DA), and lauric acids (LA), tested at 
various volumetric ratios. Our investigation reveals that different ratios of these acids result in diverse 
morphologies. Lower concentrations (0.5:5.5 and 1:5) favor cubical morphologies while increasing the 
concentration of short ligands induces a transformation to cubooctahedral shapes. This shape change 
is associated with the disruption of nanocrystal (NC) crystallinity. Higher ratios of short ligands produce 
PbTe NCs with a crystallite core and an amorphous shell. Our findings demonstrate the tunability and 
precise control achieved with this mixed capping ligand hot-injection method, which significantly 
impacts QD applications in photovoltaics, electronics, and energy. Notably, shorter capping ligand 
(OctA) result in more monodispersed PbTe QDs,   yielding larger cubooctahedral QDs up to 16 nm. 
Conversely, using capping ligands with lengths similar to OA leads to unstable and less tunable 
synthesis.
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Lead chalcogenide QDs like PbTe show considerable potential for telecommunications1, photo-electrics2, 
thermo-electrics3, as well as photovoltaics4 applications due to their size-tunable electronic bandgap that 
results from the quantum confinement effect5–8. These applications require precise control over QD size and 
morphology, as these properties directly influence optical and electronic behavior. Despite the growing interest, 
achieving consistent size and shape control in PbTe QDs remains challenging, especially as particle size increases. 
Previous studies demonstrate that synthetic parameters — such as reaction time, temperature, capping ligand, 
and the ratio of ligands to metal salts — are crucial for controlling size and shape of PbTe QDs9–11.

Ligands play a significant role in determining the shape and size of QDs. The morphology of Pb-chalcogenide 
QDs can be tuned by choosing a specific ligand and controlling its concentration. Usually, increasing the carboxylic 
acid ligand concentration boosts the QDs’ growth11,12. Shrestha et al. reported that increasing the concentration 
of OA slow down the nucleation and promote the growth of larger QDs by reducing supersaturation, leading to 
fewer nuclei and larger particles12. Murray et al. successfully synthesized PbTe QDs of various sizes from ~ 4 nm 
to 14 nm by manipulating OA concentration, using a hot-injection method13. Such transformations often lead 
to cubic shapes above ~ 10 nm11,12,14.

Additionally, ligand chain length and branching significantly impact precursor reactivity. Shorter or less 
branched ligands tend to increase reactivity, leading to the formation of smaller, more uniform QDs under 
controlled conditions13,15. Liu et al. used various carboxylic acid lengths to check their influence on the reactivity 
of the Pb precursor. They mixed OA with carboxylic acids of varying carbon chain lengths (C8-C24), including 
octanoic, dodecanoic, myristic, and lignoceric acids, to synthesize Pb-chalcogenide QDs using a non-injection 
and low-temperature approach (growth temperature of 30–120 °C). Various Pb-ligand monomers precipitated 
at temperatures of 80 –25 °C during the cooling process16. Niu et al. used different combinations of DA and 
oleylamine (OLA) in the non-injection method for PbTe QD shape control. Spherical particles were formed with 
the excess of DA, however with the OLA excess the final QDs shape was cubical17.

Achieving large, spherical PbTe QDs is challenging due to their tendency to adopt cubic shapes when particle 
sizes exceed 10 nm, as surface energy minimization favors cubic morphologies, which complicates their use in 
uniform layer fabrication for optoelectronic applications11,18–21. T. Mokkary et al. synthesized large PbTe QDs 
(20 nm, 28 nm, and 40 nm) using a complex, non-standard hot-injection method10. Moreover, some progress 
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has been made with other Pb-chalcogenides, such as PbSe and PbS. For instance, V. Sousa et al. developed a 
heating-up method to produce 13 nm spherical PbSe QDs, though their work did not extend beyond this specific 
size22. Similarly, D. Cadavid et al. synthesized 16 nm cubic PbSe QDs, extending their size up to 30 nm through 
annealing at 450 °C, albeit at the expense of synthesis process complexity23. While these studies offer insights 
into achieving larger, spherical forms of Pb-chalcogenide QDs, large, spherical PbTe QDs have yet to benefit 
from a similarly well-defined protocol, highlighting the need for innovative approaches to achieve scalable and 
monodisperse PbTe QD synthesis in spherical shape.

In this manuscript, we present a modified hot-injection synthesis method that combines OA with shorter 
carboxylic acids (OctA, DA, and LA) to tune PbTe QD size and morphology across a range of 10–16 nm. By 
varying the molar ratios of OA with these short-chain ligands at a constant temperature of 180 °C, we achieve 
significant control over QD morphology, enabling the formation of larger, more uniform spherical particles. 
This controlled synthesis offers a novel approach to address the limitations of conventional OA-based methods, 
presenting a versatile solution for creating PbTe QDs suitable for photovoltaic and other optoelectronic 
applications.

Experimental
Materials
Squalane (99%),  tellurium (99.999% powder), lead (II) acetate trihydrate (99%), and lauric acid (99%) were 
purchased from Acros Organics; Trioctylphosphine (TOP, technical grade 90%) oleic acid (technical grade 90%) 
octanoic acid (98+%), and decanoic acid (99%) were purchased from Alfa Aesar; Hexane (AR) was purchased 
from Bio-Lab; Ethanol (99.99%) was purchased from Romical.

Instrumentation
High-resolution transmission electron microscopy (HRTEM) imaging was carried out using a JEOL JEM-2100F 
microscope, operating at 200 keV, equipped with a GATAN 894 US1000 camera. The images were taken using 
a GATAN 806 HAADF STEM detector. Energy-dispersive X-ray spectroscopy (EDS) analysis was performed 
using a JEOL JEM-2100F TEM operating at 200 keV equipped with an Oxford Instruments X-Max 65T SDD 
detector. The probe size during the analysis was set to 1 nm. AZtec software (v. 3.3) was used for the EDS 
data analysis. The quantitative analysis was performed by the standardless Cliff − Lorimer method. HRTEM 
experiments were conducted on a JEOL JEM-2010F microscope, using an accelerating voltage of 200  keV. 
EDS was conducted using a Noran System Six mounted on the microscope, manufactured by Thermo Fisher 
Scientific. HRTEM images were recorded using a K2 direct detection camera manufactured by Gatan-Ametek 
and operated in linear mode. ImageJ software was used for NC size and size distribution calculations. The image 
processing was performed using the threshold function. X-ray diffraction (XRD) patterns were recorded on an 
x-ray diffractometer (PANalytical X"Pert Pro) using Cu Kα radiation (λ = 1.54 Å) to determine the NC structure. 
The X-ray photoelectron spectroscopy (XPS) study was performed by XPS ESCALAB 250 from Thermo Fisher 
Scientific. NMR experiments were conducted on a Bruker Avance III HD (400 MHz and 101 MHz for 1H and 
13C, respectively) spectrometer.

PbTe QDs synthesis
0.75 M trioctylphosphine telluride (TOP-Te) stock solution was prepared in a glove box. The solution was stirred 
overnight until it became clear and yellow (flask A). Then, it was removed from the glove box and connected 
to the nitrogen Schlenk line just before the beginning of the reaction. The reaction was performed in a 50 mL 
three-necked round-bottom flask B. Flask B was connected to a thermocouple on one side, the other was stopped 
with a rubber septum, and in the middle was connected a condenser, which was connected to a Schlenk line. The 
lead-acid precursor was prepared by dissolving Pb(OAc)2·3H2O in a mixture of OA and short ligand (OctA, DA, 
or LA)   in squalene. The molar concentration of lead in the solution (ligands and solvent) was 0.1 M.  The ratios 
between the long ligand (OA) and the short ligand (OctA/DA/LA),  were 6: 0, 5.5: 0.5, 5: 1, 4.5: 1.5, 4:2 and  3: 
3. The mixture was stirred and heated to 40 °C under vacuum until the bubbling stopped (to avoid pumping the 
solution into the Schlenk-line apparatus). Then, the temperature was raised to 100 °C and kept there for 45 min. 
The resulting transparent solution containing the lead-acid precursor was heated to 180 °C under nitrogen and 
kept at this temperature for 10 min. The color of the solution turned yellowish. From flask A, 6 mL of 0.75 M 
TOP-Te solution (corresponding to a 1:3 Pb/Te molar ratio) were rapidly injected into the hot lead-acid solution 
and vigorously stirred. The color of the solution quickly turned black due to instant nucleation. Rapid injection 
and vigorous stirring are essential for narrow size distribution due to the rapid nucleation. The temperature 
dropped to 155–170 °C immediately after the injection. 2 min after the injection, the reaction was quenched by 
replacing the heating mantle with a water bath.

A typical synthesis of 14.6  nm PbTe QDs starts with a lead-acid precursor solution containing 0.570  g 
Pb(OAc)2·3H2O (1.5 mmol), 5 mL OA, 1 mL OctA, and 9 mL of squalane in a three-necked round bottom flask. 
After evacuating all water and acetic acid content under vacuum at 100 °C, the reaction solution was heated to 
180 °C. 6 mL of 0.75 M TOP-Te solution (4.5 mmol) were rapidly injected into the hot reaction mixture. The 
reaction temperature dropped to 156–158 °C. The growth time at this temperature range was 2 min. The reaction 
was quenched with a water bath. When the temperature reached 30 °C, 8 mL of hexane were added and the 
reaction mixture was transferred into a 50 mL centrifuge tube. The tube was centrifuged for 4 min at 4400 rpm 
to separate the PbTe QDs from the supernatant. After QDs were dispersed in 20 mL of ethanol and centrifuged 
for an additional 4 min at 4400 rpm, the precipitated QDs were redispersed in hexane for further storage. The 
final QD solution was filtered through a 0.22 µ filter and 0.1µ filter as an additional cleaning step.
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Results and discussion
PbTe QDs synthesis with oleic acid
Size calculation and morphology analysis were carried out by HRTEM. HRTEM, selective area electron 
diffraction (SAED), and XRD methods were utilized to determine QDs’ crystallinity and crystal structure. EDS 
was performed to calculate each synthesis’s Te: Pb atomic ratio. XPS was used for elemental and electronic state 
analyses. NMR spectroscopy was utilized for ligand binding to the QD.

At the beginning of this work, the PbTe QDs synthesis protocol with OA ligand (PbTe-OA), published by 
Urban J. J. et al., was chosen as the initial reference protocol for the QDs synthesis11. The published synthesis 
was modified according to our research preferences. Here is a simplified description of the PbTe QDs synthesis 
process using the hot injection method with OA, TOP, Te, and Pb(OAc)2. The initial step required for the 
precursor solutions preparation is mixing Pb(OAc)2 with OA, and Te with TOP, to form Pb-oleate and TOP-Te, 
respectively. The OA acts as a surfactant, stabilizing the growing nanocrystals and controlling their size and 
shape. The TOP-Te serves as a source of tellurium, facilitating the growth of PbTe nanocrystals. Rapid injection 
of the complex into the hot Pb-oleate precursor solution initiates nucleation. Pb-oleate complex reacts with 
TOP-Te precursor to form PbTe nuclei. After the desired growth period, the reaction is quenched by rapid 
cooling of the solution, and the QDs are formed24.

The obtained QDs’ size was 12.6 ± 1.1 nm (σ = 8.7%); the QDs were cubical (Fig. 1a-c). EDS results represent 
an atomic ratio of 1: 1.32 of Te to Pb (Table 1); the spectrum is shown in Figure S1. The SAED showed the 
following planes: [200], [220], [400], [420], and [422] (inset in Fig.  1d). The d-spacing was calculated using 
ImageJ software from the HRTEM images. The corresponding d-spacings of 0.331  nm and 0.185  nm were 
correlated to the [200] and [222] planes, respectively.

Powder XRD patterns of PbTe-OA QDs demonstrated the crystallinity of the particles. The diffraction pattern 
of PbTe-OA was matched with the available pattern in the database (PDF 01-078-1904). PbTe-OA QDs showed 
a major rock salt crystal structure with an Fm-3m space group and a lattice constant of a = 6.438 Å. The pattern 
exhibits peaks at 2Ɵ angles of 23.8, 27.5, 39.4, 48.9, 56.9, 64.6, and 71.6, which correspond to [111], [200], [220], 
[222], [400], [420], and [422] crystal planes of PbTe-OA QDs, respectively (Fig. 1d). Previously, similar XRD 

Ligand/OA Pb/Te

0:6 (Ref) 1.32/1

OctA DA LA

0.5:5.5 1.36/ 1 1.32/1 0.83/1

1:5 1.47/ 1 1.37/1 0.82/1

1.5:4.5 1.58/ 1 1.43/1 0.87/1

2:4 1.61/ 1 1.78/1 N.W

3:3 1.43/ 1 1.45/1 N.W

6:0 N.W N.W N.W

Table 1.  EDS Atomic mass ratios of Pb/Te.

 

Fig. 1.  (a) Low-magnification HRTEM image of cubic PbTe-OA QDs of 12.6 ± 1.1 nm size. The image depicts 
the shape and uniformity of the QDs, (b) high-magnification HRTEM image represents the QDs crystallinity, 
(c) PbTe-OA QDs size histogram, and (d) SAED and XRD pattern of cubic PbTe-OA QDs (red) and PbTe 
pattern from the database -PDF 01-078-1904 (blue).
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patterns were demonstrated in the literature25–27. The crystallite size of the PbTe-OA QDs was estimated, using 
Scherrer’s equation, from their (200) peak. The calculated nanocrystal (NC) size was 10.2 nm.

An XPS analysis was carried out. The full survey spectrum can be found in Figure S14. The survey spectrum 
contains all the characteristic Pb, Te, O, and C peaks. Moreover, the high-resolution spectra for Pb-4f and Te-
3d are shown in Fig. 2. The Pb 4f5/2 peaks appear around 142–143 eV; the Pb 4f7/2 peaks can be found at 137–
138 eV. Furthermore, the Te 3d3/2 and Te 3d5/2 can be found at 585–586 eV and 575–576 eV binding energies, 
respectively. A doublet originating from the spin-orbit coupling can be detected in both cases. A similar XPS 
analysis has been reported previously in the literature28,29.

According to the literature the nanocrystal formation mechanism may also be represented by the reaction 
equations (Eqs. 1–3). Lead precursor reacts with TOP-Te to form PbTe QDs. The overall reaction releases acetic 
acid and TOP as byproducts7,11,30.

Step 1: Formation of Pb-Oleate Complex:

	(1)	� Pb(Acetate)2 + 2 OA → Pb(Oleate)2 + 2 HAc ↑.

Step 2: Formation of TOP-Te Complex:

	(2)	� Te + TOP ∆−→ TOP-Te

The TOP-Te solution is injected into the lead oleate solution at high temperatures between 130 °C and 180 °C. 
The reaction proceeds immediately, leading to the formation of PbTe QDs through the following reaction:

	(3)	� Pb(Oleate)2 + TOP-Te ∆−→ PbTe QDs + byproducts

Control over the reaction parameters such as temperature, reaction time, and precursor concentrations is 
necessary to optimize size, shape, and properties of the resulting PbTe nanocrystals3,31. The presence of OA 
helps in controlling the growth direction and morphology of the nanocrystals, favoring the formation of desired 
shapes. It is well known that the ligand plays an essential role in QD-shape formation, and for this reason, we 
decided to carry out the synthesis with short ligands11.

PbTe QDs synthesis incorporating short-chain ligands
From a literature survey, it was found that QD synthesis with only short ligands failed due to the low solubility 
of Pb-carboxylate complexes at relatively high temperatures (~ 80 C°)16. Based on these results, we decided to 
solve this problem and shed some light on this matter. Initially, a synthesis with a short ligand was executed 
without using OA. However, the attempts to synthesize the QDs with short ligands such as OctA, DA, and LA 
were unsuccessful. Consequently, we decided to execute the synthesis with different volumetric ratios between 
the short ligand and the OA ligand. The volumetric ratios of the short ligands to OA were 0.5: 5.5, 1: 5, 1.5: 4.5, 
2: 4, and 3: 3.

All analytical techniques were performed as described for the reference synthesis in previous section. It is 
worth noting that the crystallite structure of all NCs in this study matches that of the reference synthesis. Full 
XRD analysis of all QDs is provided in Figure S7 and Tables S16–S29. Moreover, the EDS spectra and Pb: Te 
atomic ratios are mentioned in Figures S2-S6 and Table 1. Similarly, the SAED analysis can be found in Figures 
S10-S12.

Fig. 2.  An XPS spectrum of PbTe-OA QDs showing Te(3d) and Pb(4f) peaks.
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PbTe QDs synthesis with octanoic acid
The synthesis of PbTe QDs with varying ratios of OctA to OA demonstrates a systematic progression in 
morphological and structural transformations, as revealed by HRTEM (Fig.  3). The initial synthesis, PbTe-
OctA0.5/OA5.5 QDs, yields monodispersed cubic particles with an average size of 11.7 ± 1.4  nm. When the 
OctA: OA ratio is adjusted to 1: 5, the resulting PbTe-OctA1/OA5 QDs display a more diverse morphology, 
with both cuboctahedral and cubic shapes, averaging 9.9 ± 1.0 nm in size. Increasing the OctA proportion to 
1.5: 4.5 produces PbTe-OctA1.5/OA4.5 QDs with a more consistent hexagonal cuboctahedral structure and a 
mean diameter of 14.7 ± 1.4 nm. This synthesis represents a turning point, indicating the onset of a more defined 
cuboctahedral morphology. The PbTe-OctA2/OA4 QDs with a 4: 2 acids ratio, show continued trend, reaching 
an average particle size of 16.0 ± 1.3 nm. Finally, the PbTe-OctA3/OA3 QDs (3: 3 acids ratio) yield a dual-size 
distribution, combining small and large cuboctahedral particles. The size of large QDs is  15.9 ± 1.6  nm. A 
schematic representation of the morphology change from cubic to cuboctahedral shape shown in Fig. 3f.

The XRD analysis confirms a well-defined crystalline structure for all PbTe-OctA/OA QDs, providing results 
consistent with HRTEM and SAED analyses. The alignment of d-spacing and crystallographic planes across 
these techniques validates the uniformity of the crystallite structure, with findings closely matching the reference 
synthesis. This congruence between XRD, HRTEM, and SAED analyses reinforces the reliability of the structural 
characterization across all synthesized QDs. The XRD analysis reveals changes in crystallite sizes — 10.2, 9.1, 
10, 11.6, and 10.9 nm — as the volume of the shorter ligand increases. The consistently smaller crystallite sizes 
observed via XRD compared to HRTEM (Table 2) strongly suggest the presence of an amorphous shell around 

XRD size [nm] HRTEM Size [nm]

Ligand/OA OctA DA LA Ligand/OA OctA DA LA

0\ 6 10.2 0\ 6 12.6 ± 1.1

0.5\5.5 10.2 10 8.8 0.5\5.5 11.7 ± 1.4 9.9 ± 1.6 11.3 ± 1.5

1\5 9.1 5.8 10 1\5 9.2 ± 1 10.0 ± 1.9 11.6 ± 1.6

1.5\4.5 10 8.4 11.5 1.5\4.5 14.7 ± 1.4 8.9 ± 1.9 10.4 ± 1.6

2\4 11.6 5.8 N.D 2\4 16 ± 1.3 12.7 ± 1.8 N.D

3\3 10.9 5.1 N.D 3\3 15.9 ± 1.6 10.1 ± 2.4 N.D

6\0 N.D N.D N.D 6\0 N.D N.D N.D

Table 2.  PbTe QDs sizes calculated by XRD and HRTEM. * N.D – not detected.

 

Fig. 3.  Low-magnification HRTEM images with the high-magnification HRTEM insets and their 
corresponding histograms of (a) PdTe-OctA0.5/OA5.5, (b) PdTe-OctA1/OA5, (c) PdTe-OctA1.5/OA4.5, (d) PdTe-
OctA2/OA4, (e) PdTe-OctA3/OA3, and (f) schematic representation of the morphology change.
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the crystalline core, confirming morphological evolution and supporting structural changes with varying ligand 
volumes.

XRD analytical method can only detect the crystal size of crystalline structures32. The measured XRD NCs size 
for a ratio of 1.5: 3 of the synthesized particles was significantly smaller than the ones measured by HRTEM. It is 
well known that there could be differences between the two analytical methods33,34. However, the fluctuations in 
sizes can’t be so significant. As determined by HRTEM, the calculated core for all core-shell structures remained 
constant at around 8 nm. The shell thickness of 3.0 nm, 3.5 nm, and 4.2 nm was observed for PbTe-OctA/OA 
QDs of mentioned acid ratios. Based on these results, we may assume that the shell is mostly amorphous.

When EDS analysis was carried out, a higher Pb amount was detected compared to the reference synthesis 
(Table 1). With the increase in OctA volume, the atomic percentage of Pb also increased. In the last synthesis of 
PbTe-OctA3/OA3 QDs, a smaller percentage of Pb was observed than the other acid ratios. We assume that this 
difference results from the high number of small nanoparticles that evolved during the synthesis. EDS analysis 
concluded that the small nanoparticles contained Pb without any traces of Te (Figure S6). Moreover, the core 
and the shell of the NCs were analyzed by EDS, and the ratio between Te and Pb was different (Figure S3). The 
core displayed a ratio of 1: 0.84, and the shell exhibited a ratio of 1: 0.54 of Te to Pb, respectively. This provides 
strong evidence for the presence of a core-shell structure.

PbTe QDs synthesis with decanoic acid
The opening synthesis in this set of experiments was carried out with DA and OA in volumetric ratios presented 
in the previous section. The two first synthesized QDs were PbTe-DA0.5/OA5.5 and PbTe-DA1/OA5, and the 
size calculated by HRTEM was 9.9 ± 1.6  nm and 10.0 ± 1.9  nm, respectively. Their morphology was cubical 
and mostly mono-dispersed (Fig. 4a, b). Moreover, the morphological change starts at this acids’ ratio (1: 5) 
and continues to DA1.5/OA4.5 with QDs size of 8.9 nm ± 1.9 nm. In this synthesis, different morphologies can 
be detected; spherical and cubical shapes (Fig. 4c). The fourth synthesis was DA2/OA4. The QDs were mostly 
hexagonal/cuboctahedral in shape with an average size around 12.7 ± 1.8 nm (Fig. 4d). A core-shell structure 
was observed in this synthesis, similar to what was seen with OctA. The final synthesis in this series, DA3/OA3, 
resulted in cuboctahedral particles with a crystalline core-shell structure. Additionally, a significant number 
of smaller nanoparticles were observed. The average size of the larger particle population was 10.1 ± 2.4  nm 
(Fig. 4e).

Fig. 4.  Low-magnification HRTEM images with the high-magnification HRTEM insets and their 
corresponding histograms of (a) PdTe-DA0.5/OA5.5, (b) PdTe-DA1/OA5, (c) PdTe-DA1.5/OA4.5, (d) PdTe-DA2/
OA4, and (e) PdTe-DA3/OA3.
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D-spacings calculated from HRTEM images and SAED analysis are well correlated with the XRD analysis. 
These results indicate that all the DA/OA NCs have the same crystalline structure closely resembling the 
reference synthesis, independent of the ligand type utilized in the synthesis. The crystallite sizes calculated from 
XRD were 10 nm, 5.8 nm, 8.4 nm, 5.8 nm, and 5.1 nm for PbTe-DA0.5/OA5.5, PbTe-DA1/OA5, PbTe-DA1.5/OA4.5, 
PbTe-DA2/OA4, and PbTe-DA3/OA3 QDs, respectively (Table 2).

To summarize this experimental part, a change in morphology can be detected starting from the 1: 5 ratio 
of the acids, just like in the OctA. However, the transformation continued through 1.5: 4.5. Only in PbTe-DA2/
OA4, we started to detect mono-dispersed hexagonal-cuboctahedral QDs. Be that as it may, the mono-dispersity 
was ruined in PbTe-DA3/OA3. After the morphology change, the cuboctahedral particles started their growth. 
However, the PbTe-DA3/OA3 QDs weren’t stable and, after some time, aggregated. EDS analysis demonstrated 
that in the lowest acid ratios, the atomic ratio between Te: Pb matching the reference (Table 1). With the increase 
in DA volume, the percentage of Pb also increases. Within the PbTe-DA3/OA3 synthesis, the EDS atomic ratio was 
1: 1.45. The lower percentage of Pb in this synthesis, compared to Pb-DA2/OA4 (1: 1.78 of Te: Pb), is attributed to 
a higher number of evolved small Pb nanoparticles. An increase in the small nanoparticle population, is related 
to an increase in the amount of the short ligand.

Overwhelmingly, the amorphous shell was observed in a set of DA/OA experiments except for the lowest 
DA0.5/OA5.5 ratio. Furthermore, the XRD NCs size calculated after the morphology change started, was ~ 8.4 nm, 
5.8 nm, and 5.1 nm for PbTe-DA1.5/OA4.5, PbTe-DA2/OA4, PbTe-DA3/OA3, respectively (Table 2). The following 
results correlate with the core sizes of 8.0 nm, 7.7 nm, and 5.9 nm for the mentioned ratios, respectively. The core 
sizes were calculated from HRTEM images. The shell thickness was 0.4 nm for DA1.5/OA4.5, 2.5 nm for DA2/
OA4, and 2.1 nm for DA3/OA3. The big standard deviation caused by the morphology change led to the odd 
PbTe-DA1.5/OA4.5 with the 0.4 nm thickness that differs from the trend. In addition, the QD silhouette diameter 
increased from 10.0 nm to 12.7 nm, with the increase in DA amount; however, the core size decreased.

Another new morphology can be detected in these grids: nanorods (Figures S13 a&b). The structure of the 
nanorod head and tail was different. The head facets of [200] and [220] and the tail facets of [200] and [222] were 
detected using the FFT function of the HRTEM image (Figures S13c&d). Moreover, the amorphic shell on the 
nanorod’s head is also clearly visible in the images. We assume that adding a relatively high amount of DA to 
the synthesis creates the appropriate environment for the nanorod’s growth. Probably nanorod growth depends 
on DA volume. Peng et al. demonstrated that the growth of quantum rods starts from a dot shape, where the 
dot acts as a “seed”. They show that nanocrystals were transformed from quantum dots into quantum rods by 
significantly increasing the monomer concentration. They claim that the growth of these nanorods is diffusion-
controlled35. It is also important to mention that the 4: 2 ratios of DA to OA didn’t work.

PbTe QDs synthesis with lauric acid
In these experiments, we initiated the synthesis by combining LA and OA. Specifically, we employed the 
mentioned above ratios ranging LA volumes from 0.5 to 1.5 mL. The resulting QDs sizes were 11.3 ± 1.5 nm and 
11.6 ± 1.6 nm, and 10.4 ± 1.6 nm for LA0.5/OA5.5, and LA1/OA5, and LA1.5/OA4.5, respectively (Fig. 5). First, two 
synthesises displayed a cubic shape, with truncated cubes as secondary forms. However, the last synthesis in the 
series was unstable and polydispersed. No core-shell particles were detected on the grid. In addition to cubes 
and truncated cubes, we could detect a high amount of small spherical nanoparticles (Table S15). The synthesis 
of LA1.5/OA4.5 was very unstable in comparison to all the other short ligands. The resalted QDs solution was 
transparent with a relatively low yield compared to Pb-OA QDs (Figures S8a&d). The two ratios of 2: 4, and 3: 
3 didn’t work.

The EDS measurements showed a ratio of 1: 0.8 of Te: Pb in all the synthesized NCs (Figure S5 and Table 1). 
The lead atomic percentage was dramatically lower compared to the reference synthesis. The XRD NCs’ sizes 
were 8.8, 10.0, and 11.5 nm. With XRD analysis in sight, we could detect a slight increase in the NCs’ size from 
~ 9.0 to 11.5 nm. However, the various shapes and sizes Make it hard to derive the same conclusion from the 

Fig. 5.  Low-magnification HRTEM images with the high-magnification HRTEM insets and their 
corresponding histograms of (a) PdTe-LA0.5/OA5.5, (b) PdTe-LA1/OA5, and (c) PdTe-LA1.5/OA4.5.
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HRTEM imaging. It is easily seen that with the increase in LA volume, the particles are more dispersed in size 
and shape. All LA-synthesized QDs showed the same phenomenon of small nanoparticle formation, just like all 
the other ligands. Therefore, the small particles grow bigger with the increase in LA concentration. In the last 
synthesis, the growth of small spherical nanoparticles reached a new height of 3.1 ± 1.0 nm. From EDS analysis, 
it has been concluded that the small nanoparticles are Pb nanoparticles without Te traces (Figure S6). Because of 
high oxygen contamination, it is hard to detect the exact number of oxygens36. The only source of oxygen in our 
synthesis is the Tri-octyl-phosphine oxide (TOPO); TOP contamination. From this data, we can assume that the 
Pb nanoparticles are Pb-oxide species. As a result of this synthesis instability, we couldn’t synthesize the QDs in 
acid ratios of 2: 4 and 3: 3. Hence, we couldn’t determine the proper ratio for the complete morphology change. 
The mentioned synthesized ratios aggregated quickly, and no particles could be savored. The LA concentration 
does not play a role in the atomic ratios of Pb to Te; it stayed the same for all synthesized QDs in this series, 1: 0.8 
of Te: Pb. Nonetheless, the lead amount was lower compared to the reference synthesis. This can be explained by 
the larger population of spherical lead nanoparticles mentioned earlier.

XPS was used to study the elements’ elemental compositional and chemical oxidation states in the PbTe 
QDs. A complete XPS survey can be found in Figure S14. The high-resolution spectra of Pb-4f and Te-3d are 
represented in Figs. 2 and 6, S15-S16, for reference, OctA, DA, and LA, respectively. A surface (60  s) and a 
core (300 s) analysis were carried out in all cases. The results show that all Pb-4f7/2 peaks are centered around 
137–138 eV, and the Pb-4f5/2 are centered around 142–143 eV. The reference synthesis as well as DA showed 
only Pb0 peaks correlated to Pb-metal. However, in OctA and LA a shoulder can be detected, which represents a 
Pb2+ peak, usually correlated to PbO. The most exciting result in this case is the ratio between the intensities of 
Pb0 and Pb2+ that can be determined in surface and core level measurements. The Pb-4f5/2 and pb-4f7/2 metal 
peaks are higher than the oxides in all surface measurements. However, in core level measurements, the oxide 
peaks grow and their intensity increases, indicating that the core is composed of PbTe oxide spices. In addition, 
the increase in LA is even higher than the metal; it may be explained by the small nanoparticle population 
composed of PbO. Further XPS analysis shows Te-3d3/2 and Te-3d5/2 peaks centered at 585–586 eV and 575–
576 eV binding energies. In surface level measurements, higher peaks of oxides can be detected; after depth 

Fig. 6.  A High-resolution XPS spectrum of PdTe-OctA/OA QDs (a) Pb4f surface level-60 s, (b) Te3d surface 
level-60 s, (c) Pb4f core level-300 s, (d) Te3d core level-300 s.

 

Scientific Reports |         (2025) 15:2630 8| https://doi.org/10.1038/s41598-025-86026-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


measurements of the core, the amount of Te0 increases. We should also mention that the intensity of metal Te is 
higher for OctA and LA at a core level.

Furthermore, the depth analysis for all the ligands is shown in Figure S17. We can conclude from the 
complete XPS analysis that changes in the carbon layer vary from sample to sample depending on the QD shell. 
The carbon percentage plot shows a moderate decline in samples with a core-shell structure, indicating that 
the shell is primarily amorphous and contains the ligands. In contrast, the reference sample, as well as the LA 
sample, exhibits a more drastic decrease in carbon, consistent with mostly crystalline QDs. This behavior aligns 
with a structure where the ligands form a thin shell on the surface of the nanocrystals. Additionally, all samples 
show surface contamination with oxygen, and the surface level was determined after 60 s of depth profiling to 
account for this.

An HNMR was performed to confirm the binding of the ligands to the QDs surface. When synthesizing the 
NCs using only OA as a ligand, the integration of the vinylic hydrogens and α hydrogens adjacent to the acid 
moiety aligns well with OA. This is illustrated by a 1:1 ratio, where each peak corresponds to two hydrogens, as 
depicted in Figure S18. Contrastingly, in the spectrum of particles synthesized with both OA and DA as ligands, 
the ratio between these peaks shifts to 1:11 (Figure S19), indicating a ratio of 1:10 for OA to DA. Evidence for 
ligands binding to the NCs can be obtained from the disappearance of the carboxylic peak of the acids around 
8.5 ppm and the broadening of the vinylic peak at 5.34 ppm since the double bond of the acid is affected by the 
chemical surroundings of the NCs24. Figures S20-S21 represent the HNMR for pure OA and DA, respectively.

To summarize, the synthesis fails and aggregates at volumetric ratios higher than 3: 3 of the short ligands to 
OA. Even when the synthesis occurs in a 3: 3 ratio, the yield is low, and a relatively high amount of precipitant 
was observed (Figure S8). The stability of PbTe QDs was evaluated both immediately after synthesis and after 
two years of storage in hexane solvent for PbTe-OA, PbTe-OctA2/OA4, and PbTe-DA2/OA4 QDs. The results 
indicate that the QDs exhibit remarkable long-term stability, maintaining consistent shape and size distribution. 
The HRSTEM images show that the particles remain highly monodispersed over time, with no significant 
aggregation or morphological changes (Figure S22). This demonstrates the robustness of the QDs, confirming 
their suitability for applications requiring long-term stability. The EDS Pb: Te atomic ratios depend on the short 
ligand utilized in the synthesis. In OctA and DA acids, the Pb atomic percentage was higher compared to the 
reference synthesis. However, in LA, the Pb atomic percentage was significantly lower. The highest Pb percentage 
was found in PbTe-OctA/OA QDs. We observed that the shorter the ligand, the thicker the shell. This led us to 
believe that the shell is the main reason for particle growth (above 10 nm) and morphology change. The NCs’ 
shell thickness might be a possible explanation for the higher Pb percentage in the NCs.

According to XRD analysis, the same crystal structure was observed for all sets of experiments, including the 
reference synthesis. The crystallite structure, as was mentioned above, was cubic with an Fm-3m space group. 
The observed NCs’ sizes become smaller after the morphology change for OctA and DA. The sizes of the NCs in 
LA were consistent with TEM analysis. We can conclude that the higher the number of facets, the more intricate 
the morphology (cuboctahedral and truncated cubes). The same QD morphology, cuboctahedron, was obtained 
for OctA and DA in a 2: 4 volumetric ratios. It is also important to mention that this was the most stable synthesis 
for both acids. Figure 7 and  Figure S9 demonstrates the correlation between the volumetric ratios and the 
diameter. The plot describes a drop in size after different volumetric ratios for the acids; this drop is correlated 
to the point of the morphology change. In a 1: 5 ratio, it is straightforward to conclude that the morphology of 
OctA changed rapidly. The second short ligand was DA, and the size drop occurred at a 1.5: 4.5 volumetric ratio. 
Compared to these two short ligands, we couldn’t determine the drop point for LA. However, we can define a 
linear regression in the particle size of PbTe-LA/OA QDs. It is easy to conclude that the morphology changes 
and growth of the new shape happened only after the cubical size drop. Additional information can be found in 
the supporting information (SI).

Conclusions
This work, for the first time, presents a modified method for PbTe NCs synthesis using a combination of OA 
and short ligands (OctA, DA, and LA) as capping agents. Current study presents a novel, tunable method for 
producing large spherical PbTe QDs, challenging the natural tendency of these QDs to adopt cubic shapes at sizes 
above 10 nm. Our findings demonstrate how short ligands influence the size and shape of PbTe QDs, achieving 
cubooctahedral QDs up to 16 nm. This work highlights that the shape transformation involves the disruption 
of QDs crystallinity, leading to the formation of PbTe QDs with a crystalline core and an amorphous shell. Key 
observations include: (A) At low ligand concentrations (up to ~ 0.5 mM), OA controls QD morphology, resulting 
in cubical shapes. (B) At molar ratios of 0.5-1, short ligands dominate, producing various morphologies. (C) A 
1:1 molar ratio of short ligands to OA yields the best results for spherical, monodispersed QDs. (D) Molar ratios 
exceeding 1:1 result in unstable or ineffective synthesis (all molar ratios can be found in SI). The study indicates 
that even shorter ligands and lower ratios could further refine morphology control. This research addresses 
a critical gap in the literature by introducing a controllable synthesis method that enables the production of 
large spherical PbTe QDs with precisely adjustable sizes. The reproducible synthesis method developed here 
is valuable for tuning PbTe QDs for various applications. Additionally, the discovery of a core-shell structure 
offers new insights into nanoparticle design. However, the absence of cubical QDs with short ligands points to 
the need for further mechanistic studies to understand QD formation. This work has significant potential for 
layer fabrication in electronic, optoelectronic, and energy applications, though additional systematic studies are 
necessary to optimize these processes.
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