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1. Introduction

Colloidal all inorganic cesium lead bro-
mide (CsPbBr3) (X = I, Br, Cl) perovskite 
nanocrystals (PeNCs) have attracted tre-
mendous research  interests in optoelec-
tronic devices since the first successful 
hot-injection  synthesis by Protesescu 
et  al.[1] By varying the material compo-
sitions and/or modulating quantum 
confinement effects of the products, 
PeNCs with widely tunable light emis-
sion from violet to near-infrared 
exhibiting narrow full width at half 
maximum can be easily obtained.[2] In  
addition, owing to the unique defect toler-
ance property, PeNCs demonstrate supe-
rior photoluminescence quantum yields 
(PLQYs) without the use of necessary core-
shell passivating structures in tradi tional 
metal chalcogenide nanocrystals (NCs),[3–9] 
making them highly promising for applica-
tions in light-emitting diodes (LEDs).[10,11]

Surface capping ligands of PeNCs have 
been demonstrated important in control-
ling the size/shape of the products during 

the synthesis and preserving the photo luminescence efficiency 
and stability of the resulting colloidal solutions. For typical hot-
injection synthesized PeNCs with homogeneous shape and 
size regulation, lead halide salts in combination with long alkyl 
chain ligands of oleic acid (OLA) and oleylamine (OLAm) are 
commonly used.[12–16] However, owing to the insulating proper-
ties of the residual long-chain organic ligands at the surface of 
PeNCs, it is difficult to fabricate PeNC-based emissive layers 
with simultaneous high photoluminescence efficiency and 
excellent charge transport properties, which is highly desirable 
for high-performance LEDs. To tackle this problem, various 
useful strategies of ligand exchange and controllable purifica-
tion have been explored to modulate the ligand properties of 
PeNCs.[17,18] Nevertheless, the ionic perovskite crystal structures 
and the surface bond ligands were proven highly sensitive to 
polar solvents, bringing additional difficulties in achieving 
optimal surface properties of the PeNCs. In addition, the 
lead source plays a significant role in controlling the surface 
properties of PeNCs during the colloidal synthesis. Typically, 
inorganic PbX2 (X = Cl, Br, or I) salts as both lead and halide 

Rational engineering of the surface properties of perovskite nanocrystals 
(PeNCs) is critical to obtain light emitters with simultaneous high photo-
luminescence efficiency and excellent charge transport properties for light-
emitting diodes (LEDs). However, the commonly used lead halide sources 
make it hard to rationally optimize the surface compositions of the PeNCs. In 
addition, previously developed ligand engineering strategies for conventional 
inorganic nanocrystals easily deteriorate surface properties of the PeNCs, 
bringing additional difficulties in optimizing their optoelectronic properties. In 
this work, a novel strategy of employing a dual-purpose organic lead source 
for the synthesis of highly luminescent PeNCs with enhanced charge trans-
port property is developed. Lead naphthenate (Pb(NA)2), of which the metal 
ions work as lead sources while the naphthenate can function as the surface 
ligands afterward, is explored and the obtained products under different syn-
thesis conditions are comprehensively investigated. Monodispersed cesium 
lead bromide (CsPbBr3) with controllable size and excellent optical properties, 
showing superior photoluminescence quantum yields up to 80%, is obtained. 
Based on the simultaneously enhanced electrical properties of the Pb(NA)2-
derived PeNCs, the resultant LEDs demonstrate a high peak external quantum 
efficiency of 8.44% and a superior maximum luminance of 31 759 cd cm−2.

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an 
open access article under the terms of the Creative Commons Attribu-
tion License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.
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precursors were employed to synthesize the PeNCs.[19–21] Nev-
ertheless, due to the fixed ratio of lead to halide in the PbX2, it 
is hard to rationally optimize the surface compositions of the 
PeNCs, e.g., excess halide ions, which were proven beneficial 
to the colloidal stability and the optical properties.[22] Nonhalide 
lead salts, such as lead acetate (Pb(Ac)2), has been explored to 
separately tune the molar ratios of the lead and halide precur-
sors during the synthesis of PeNCs.[22,23] However, there is 
limited contribution from the acetate to the surface properties 
of the resulting PeNCs. Thus, we propose that the alternative 
nonhalide lead sources originally containing functional ligands 
would be promising to further advance the colloidal synthesis 
of PeNCs and ensure high efficiency and superior luminance 
of the final perovskite LEDs.

In this work, we develop a novel dual-purpose lead source 
consisting of organic functional groups for controllable 
synthesis of highly luminescent PeNCs with enhanced charge 
transport property. Organometallic compound lead naph-
thenate (Pb(NA)2) was innovatively utilized as such lead source, 
of which the metal ions function as the lead sources while 
the naphthenate could work as the surface ligands afterward. 
We successfully synthesized cubic-shaped CsPbBr3 NCs with 
uniform size distribution and high PLQYs in a large range 
of  temperature (60–150 °C) based on hot-injection methods. 
The optimized CsPbBr3 NCs exhibit a high PLQY of 80%. In 
addition, owing to the enhanced charge injection induced 
by the surface capped NA ligands, we achieve efficient perov-
skite LEDs with a high external quantum efficiency (EQE) of 

8.44% and a superior luminance of 31  759  cd cm−2, which is 
the highest reported value for green perovskite LEDs based on 
PeNCs synthesized from hot-injection methods.

2. Results and Discussion

Considering that the used naphthenic acid for the synthesis 
of Pb(NA)2 is a mixture of cyclic, aliphatic and aromatic car-
boxylic acids,[24,25] we first checked the organic components of 
the Pb(NA)2 by using the proton nuclear magnetic resonance  
(1H NMR) measurement. It was found that the neat Pb(NA)2 
only exhibits strong chemical shifts located at 0.7–1.5  ppm, 
which can be ascribed to the alkyl hydrogens (from cyclic or ali-
phatic moieties) (Figure S1, Supporting Information), indicating 
that there are negligible aromatic carboxylic ligands (chemical 
shifts located at above 6.0 ppm) in Pb(NA)2 that we used in our 
synthesis. In Figure  1a, we provide the schematic procedures 
for a typical synthesis of CsPbBr3 colloidal NCs in the present 
work. In a typical synthesis, the Pb(NA)2 and the trimethylsilyl 
bromide (TMSBr) are used as the Pb and Br sources, respec-
tively.[22,26,27] We carried out the chemical synthesis under dif-
ferent injection temperatures ranging from 60 to 150 °C. We 
first noticed that almost no PeNCs formed at low temperatures 
of 60 and 75 °C. Under the elevated temperatures of 90–150 °C, 
we obtained uniform CsPbBr3 nanocubes with orthorhombic 
phase and the average size (the edge length) increases from  
12 to 21 nm (Figure 1b,d; Figure S2, Supporting Information). 

Figure 1. a) Schematic of CsPbBr3 synthesis procedures using Pb(NA)2. b) Photographs of Pb(NA)2-NCs at different temperatures varying from 60 to 
150 °C under natural light (top) and UV 365 nm lamp (bottom). c) PLQYs of the corresponding five samples synthesized at 90–150 °C in (b). d) TEM 
images with scale bars of 50 nm at different temperature varying from 90 to 150 °C. e) The corresponding UV–vis and PL spectra of the products.
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The PLQYs of all samples are above 50%, with the highest 
PLQY of above 70% achieved under a relative low temperature 
of 90 °C (see Figure  1c). Owing to the size effects, PL of the 
products show a gradual red shift as the reaction temperature 
increases (Figure  1e). As a comparison, we also synthesized 
CsPbBr3 NCs by replacing the Pb(NA)2 with an alternative 
nonhalide lead source of Pb(Ac)2 but keep the same Br-source 
of TMSBr in the identical temperature range (Figure S3, Sup-
porting Information). We notice that except the nanocubes 
obtained at 150 °C, anisotropic growth of the PeNCs was hap-
pened, leading to the formation of nanorods with relative lower 
PLQYs below 60%. The result suggest that the organic moie-
ties of Pb(NA)2 may function as an efficient ligand supplier 
during the synthesis of PeNCs, of which the carboxyl groups 
could interact with Pb atoms at the surface of the formed NCs, 
similar as the OLA molecules. However, in comparison to the 
Pb(Ac)2, the Pb(NA)2 functions more efficiently in retaining the 
uniform growth of the PeNCs with high PLQYs even at rela-
tively low reaction temperatures.

To confirm the presence of the organic moieties of Pb(NA)2 
as surface ligands, we characterized the detailed elemental 
properties of the synthesized PeNCs. We present the X-ray 
photo electron spectroscopy results of Cs 3d, Pb 4f, and Br 3d in 
Figure 2a–c. We notice that PeNCs synthesized from both the 
Pb(NA)2 and Pb(Ac)2 methods demonstrate identical Cs signals, 

indicating a negligible change in the chemical environment of 
the Cs atoms at the surface. However, we do observe that sig-
nals of Pb 4f in PeNCs synthesized from Pb(NA)2 shifted to 
higher binding energies close to the neat Pb(NA)2. The result 
suggests that the residual organic moieties of NA bind with the 
Pb atoms in the finally obtained PeNCs, confirming our hypoth-
esis. The changes in the chemical environment of [PbBr6]4− 
octahedra weaken the interaction between Pb and Br, which is 
in good agreement with the observation in Br 3d spectrum of 
the Pb(NA)2-based PeNCs, exhibiting slightly shift to the lower 
binding energies.[23,28] In addition, as shown in Figure 2d, the 
Fourier transform infrared spectroscopy (FTIR) of Pb(NA)2-NCs  
exhibits the characteristic peaks located at 2960 and 1457 cm−1 
originally from CH2 asymmetric stretching of cycloalkanes 
and COO− stretching vibrations in NA. On the contrary, they 
are absent in the FTIR of Pb(Ac)2-NCs. This confirmed the 
existence of NA ligands at the surface of the Pb(NA)2-NCs. 1H 
NMR was further employed to demonstrate the existence of 
NA ligands. As shown in Figure 2e, the relative areas of olefins 
(from OLA and OLAm ligands, located around 5.28 ppm)[29–31] 
and of the alkanes (located at 0.4–2.4 ppm) were measured. It 
was found that the ratio between olefinic hydrogens and 
alkyl hydrogens were 1/20.03 and 1/27.80 for the samples 
of Pb(NA)2-NCs and Pb(Ac)2-NCs, respectively. Considering 
that NA only presents chemical shifts located at 0.7–1.5  ppm 

Figure 2. a) The Cs 3d spectra, b) Pb 4f spectra, and c) Br 3d spectra of Pb(NA)2-NCs and Pb(Ac)2-NCs. Pb 4f spectra of neat Pb(Ac)2 is also provided 
for comparison. d) The FTIR spectra of neat Pb(NA)2, Pb(NA)2-NCs, and Pb(Ac)2-NCs. e) 1H NMR of the Pb(Ac)2-NCs and Pb(NA)2-NCs in CDCl3.
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(Figure S1, Supporting Information), the proportional decrease 
of alkanes in the Pb(NA)2-NCs is ascribed to the relative less 
binding of OLA or OLAm on the surface of Pb(NA)2-NCs, which 
should be caused by the competitive surface binding of NA that 
has shorter alkanes (Figure 2f). We further carried out stability 
measurements of the colloidal solution and demonstrate the 
surface capping organic NA ligands are favorable to improve 
the stability of the PeNCs, which shows a 50% retained PLQY 
after storage in ambient conditions (with a relative humidity of 
45%) for 15 days (Figure S4, Supporting Information).

In addition to the commonly used hot-injection method 
employing OLA and OLAm molecules as the ligands, we 
extend our approach to the synthesis of PeNCs using an alter-
native secondary aliphatic amine and demonstrate the general 
applicability of Pb(NA)2 as the lead source.[27] In Figure S5 of 
the Supporting Information, we successfully synthesized uni-
form CsPbBr3 NCs by using Pb(NA)2 together with DDDAm 
(abbreviated as “Pb(NA)2-DDDAm”) at different tempera-
tures varying from 60 to 150 °C. Bright PeNCs with a high 
PLQY up to 80% were obtained at 90 °C (Figures S1 and S5, 
Supporting Information). As a comparison, the CsPbBr3 NCs 
from Pb(Ac)2 with additional DDDAm ligands (abbreviated as 
“Pb(A)2-DDDAm”) at the same temperature range were also 
synthesized. The obtained Pb(NA)2-DDDAm PeNCs demon-
strated much improved sized distribution in comparison to 
those Pb(Ac)2-DDDAm even at low temperatures, i.e., 60 and  
75 °C, evidenced by the TEM and PL characterization results 
(Figures S5–S8, Supporting Information). In addition, we 

notice improved stability for the synthesized PeNCs after 
 introducing additional DDDAm ligands, further confirming the 
important role of the surface ligands on preserving the surface 
properties of the PeNCs (Figure S9, Supporting Information).

To evaluate the influence of the use of the Pb(NA)2 on 
the electrical properties of the resulting PeNCs, we per-
formed single carrier device characterizations. As depicted 
in Figure  3a,b, we fabricated the electron-only device with a 
structure of SnO2/CsPbBr3 NCs/2,2′,2″-(1,3,5-benzinetriyl)-
tris (1-phenyl-1-H-benzimidazole) (TPBi)/LiF/Al and the hole-
only device with a structure of indium tin oxide (ITO)/poly(e
thylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)/
poly[bis(4-phenyl) (2,5,6-trimethylphenyl) amine (PTAA)/
CsPbBr3 NCs/MoOx/Au. Obviously, both the electron-only 
and hole-only devices using Pb(NA)2-NCs exhibit an obvious 
improvement in the current density comparison with the 
those of devices based on Pb(Ac)2-NCs. Considering the same 
Br-source of TMSBr used in the different synthesis methods, 
the remarkable enhancement in the electrical properties of 
PeNCs can be mainly attributed to the short NA ligands at the 
surface, which partially reduce the amounts of the long-chain 
insulating OLA and OLAm ligands, induced by the use of the 
alternative Pb(NA)2 lead source. As illustrated in Figure 3c, the 
long ligands of Pb(Ac)2-NCs remains as the insulating barriers, 
suppressing the charge transport in the obtained thin films. By 
contrast, due to the competitive surface binding of the short NA 
ligands for Pb(NAc)2-NCs, the charge transport properties in 
the resulting films are enhanced (Figure 3d).

Figure 3. Current density–voltage curves of a) electron-only device and b) hole-only device based on Pb(Ac)2-NCs and Pb(NA)2-NCs. c,d) Illustration 
of carrier transport in thin films deposited from Pb(Ac)2-NCs and Pb(NA)2-NCs.
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To investigate the effect of the use of Pb(NA)2 on the 
resulting optoelectronic devices, we fabricated LEDs based on 
the synthesized four types of PeNCs. As shown in Figure  4a, 
the device consists of a layered structure of ITO/PEDOT:PSS/
PTAA/CsPbBr3 NCs/TPBi/LiF/Al. We first compared the 
devices based on PeNCs synthesized from Pb(Ac)2 and Pb(NA)2 
with the OLA and OLAm as the ligands in the precursors. The 
devices based on Pb(NA)2-NCs shows a high average peak 
EQE of 5.5% ± 0.3% and an average maximum luminance of  
12 644 ± 1910 cd m−2, which are both notably improved compared 
to the devices based on Pb(Ac)2-NCs (Figure S10, Supporting 
Information). In Figure  4b, we show the current density–
voltage–luminance results of the champion devices based 
on two types of PeNCs. The devices based on Pb(NA)2-NCs 
exhibit a low turn-on voltage of 2.6  V, which is around 1  V 
lower compared with the device based on Pb(Ac)2-NCs,  
indicating enhanced electrical properties and charge injection in 
the devices, as shown in Table  1. The improved charge injec-
tion is further evidenced by the higher injected current densi-
ties as well as much improved luminance values compared with 
that based on Pb(Ac)2-NCs in the whole voltage range. A peak 
EQE of 6.08% and a maximal luminance of 16 045 cd m−2 was 
achieved for the champion device based on Pb(NA)2-PeNCs, as 
shown in Figure 4c. To achieve a fair comparison, we also fabri-
cated PeLEDs based on CsPbBr3 NCs synthesized from a typical 
hot-injection method by injecting Cs-oleate precursor solution 
into Pb-oleate solution. The device performance is similar to 
those based on Pb(Ac)2-NCs (Figure S11, Supporting Informa-
tion).[10] As we observed in the electron-only and hole-only 
device results, thin films based on Pb(NA)2-NCs demonstrate 

notably improved electronic properties, which hence facilitate 
the charge carrier injection and transport in the light emissive 
layers and consequently contribute to the enhanced EQE and 
luminance.

In Figure 4d, we show the operational stability of LEDs oper-
ating with an initial luminance of 100  cd m−2. We measure 
an enhanced T50 (time to half of the initial luminance) of the 
device based on Pb(NA)2-NCs of 62 min, which is around 
fourfold improvement compared to the device Pb(Ac)2-NCs. 
The results suggest beneficial roles of the short NA ligands on 
improving the device operational stability, possibly originated 
from the enhanced charge injection which would suppress 
the Joule heating in the devices during the LED operation.[32] 
Further benefiting from the higher PLQY, we achieve a supe-
rior EQE of 8.44% and maximum luminance of 31 759 cd cm−2 
for optimized devices based on Pb(NA)2-DDDAm NCs (see 
Figure 4e,f; Figure S12, Supporting Information). As shown in 
the Table S1 of the Supporting Information, in comparison to 
devices based on CsPbBr3 synthesized from conventional hot-
injection methods, the device performance in the present work 
demonstrates a comparable peak EQE while a twofold increase 
in the maximum luminance, suggesting great potential of the 
synthesis route here.

3. Conclusions

In summary, we have developed a facile route of synthesizing 
highly uniform CsPbBr3 PeNCs with simultaneous excellent 
optical and electrical properties by using a novel dual-purpose 

Figure 4. a) Schematic device structure of the perovskite LEDs. b) Current density–voltage–luminance curve c) EQE–current density curves, and  
d) operation lifetime of the devices at 100 cd m−2 based on Pb(Ac)2-NCs and Pb(NA)2-NCs. e) Current density–voltage–luminance and f) EQE–current 
density curves of the devices using Pb(Ac)2-DDDAm NCs and Pb(NA)2-DDDAm NCs.
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organic lead source of Pb(NA)2. We have demonstrated the  general 
applicability of the organic lead source in the hot-injection syn-
thesis. The partial decrease of long-chain insulating OLA and 
OLAm at the surface of PeNCs due to the competitive surface 
binding of NA ligands improved the colloidal stability of the solu-
tion and enhanced the electronic properties of the resulting perov-
skite emissive layers. As a result, we successfully achieved efficient 
perovskite LEDs with a high EQE of 8.44% and a record high lumi-
nance of 31 759  cd cm−2 for green LEDs based on CsPbBr3 syn-
thesized from hot-injection methods. Our method of modulating 
the material properties of PeNCs using the dual-purpose lead 
sources provides an alternative strategy in achieving PeNC-based 
light emitters with excellent optical and electrical properties, which 
could also benefit the development of other optoelectronic devices 
based on PeNCs, for example, solar cells and photodetectors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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